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The Upper Devonian and Lower Mississippian stratigraphy in the Antler foreland 
basin of northwestern Montana is the current focus of exploration for several petroleum 
companies. Conodont zonation indicates that the Exshaw Formation of southern Alberta 
and northern Montana is Late Devonian and Early Mississippian in age, and is 
stratigraphically equivalent to the Bakken Formation in the Williston Basin and the 
Sappington Member of the Three Forks in southwestern Montana. The Exshaw, Bakken and 
Sappington are lithologically similar. Each formation is comprised of basal organic-rich 
shale, middle dolomitic siltstone and sandstone, and upper organic-rich shale.  
 The Three Forks Formation in northwestern Montana consists of two members: the 
older Logan Gulch Member and the younger Trident Member. The Logan Gulch is 100 ft to 
over 450 ft thick and was subdivided in this study into three facies that were deposited in 
salina to sabkha environments. Locally, the Logan Gulch is termed the Potlatch Anhydrite. 
The Three Forks Formation in northwestern Montana is equivalent to the Stettler and Big 
Valley formations in southern Alberta. The younger Trident Member was subdivided into 
two facies that are transgressive, open marine deposits. The Trident is absent to over 100 ft 
thick, and is largely comprised of open marine, fossiliferous shale.  
 The Exshaw Formation in the study area consists of three members: an upper shale, 
middle siltstone unit, and a lower shale. The upper and lower shales are black, organic-rich, 
and siliceous. The lower shale ranges from one ft to over 20 ft thick, while the upper shale 
is absent to approximately 12 ft thick. In portions of the study area, a detrital siltstone and 
very fine-grained sandstone member of the Banff Formation (Lower Lodgepole) 




shelf in bathymetries similar to lower shoreface environments. This unit forms a north-to-
south depositional thick in northern Toole County and southern Alberta. The middle 
siltstone is absent to over 120 ft thick in the study area.  
 The Lower Exshaw Shale contains Type I/II kerogen and this shale is the most 
prominent source rock in the study area. It is the thickest and laterally most continuous of 
the two shales. Total organic carbon (TOC) of the lower shale ranges from 1.5 wt% to 17 
wt%. The lower shale is mature over much of the study area with the highest Tmax values 
in the western part of the study area near the Disturbed Belt thrust sheets.  
 Reservoir models were constructed for each lithofacies using core plug data and 
wireline well logs. The most prospective reservoir facies are the dolomitized peritidal 
facies at the top of the Logan Gulch Member and the lower shoreface facies of the Middle 
Exshaw. Porosity in the dolomitized peritidal facies ranges from 0.3% to 12.5% with 
permeability ranging from 0 md to 0.315 md. Lower shoreface facies have porosities from 
1.5% to 10% with permeability ranging from 0 md to 0.06 md.  Because of the low 
permeability, over-pressuring is required for reservoir development. In northern Montana, 
sparse pressure data indicate that potential reservoir facies are normal- to under-
pressured. Middle Exshaw upper shoreface sands may exist to the north and east of Toole 
County, and reservoir permeability may be great enough for conventional reservoir 
development. 
 The complex tectonic history of the basin produced extensive faulting and folding. 
Fractures associated with tectonism enhance reservoir development, promoted the 
migration of hydrocarbons, and possibly compromised seals allowing for depressurization 
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Figure 5.1:  Modified van Krevelen diagram for the Lower Exshaw shale. The 
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 The Upper Devonian and Lower Mississippian strata in northwestern Montana are 
present in the Antler foreland basin and are primarily comprised of the Three Forks and 
Exshaw formations (Figure 1.1). Northwestern Montana is the southern extension of the 
Alberta Basin. The Three Forks - Exshaw lithologic succession is similar and temporally 
equivalent to the Three Forks and Bakken succession in the Williston Basin (Thrasher, 
1987; Holland et al., 1987, Sandberg et al., 1988a, Johnston et al., 2010). Recent petroleum 
exploration success in the Three Forks and Bakken formations in the Williston Basin 
prompted exploration into age equivalent Three Forks and Exshaw formations in 
northwestern Montana. Since 2006, operators have drilled more than 60 wells in Glacier, 
Toole, Pondera and Teton counties targeting various reservoirs including Upper Devonian 
and Lower Mississippian intervals. The Exshaw Formation is productive and the Exshaw 
shales also sourced Cretaceous reservoirs in Cut Bank Field and Mississippian reservoirs in 
Kevin-Sunburst fields (Dolson et al., 1993). Exploration in southern Alberta has also been 
successful in the Exshaw and Three Forks play.   
This study analyzed the stratigraphy and petroleum potential of the Three Forks 
and Exshaw formations in northwestern Montana. Regional subsurface analyses were 
extended into southern Alberta. The Exshaw petroleum system is comprised of the 
underlying Devonian Three Forks Formation, the Devonian and Mississippian Exshaw, and 
the lower portions of the Mississippian Lodgepole Formation (Banff Member).  The Three 




(anhydrite) beds that are effective bottom seals. The Exshaw Formation is both potential 
reservoir and source rock. The formation is comprised of three informal members: a basal, 
black, organic-rich, siliceous shale, a middle dolomitic siltstone, and an upper black, 
organic-rich, siliceous shale. The lowermost Lodgepole Formation contains calcareous 
siltstone and skeletal limestone beds similar to the Scallion Member in the Williston Basin. 
Where not pervasively fractured, the lower Lodgepole is an effective top seal for the 
Exshaw petroleum system. The lower Lodgepole is locally productive.  
Lithologically, the Exshaw Formation is similar to the Bakken Formation in the 
Williston Basin. Both formations are comprised of two black organic-rich shales and a 
middle siltstone or sandstone member. In west central and southwest Montana, the 
Exshaw is age correlative with the Sappington interval which was originally included in the 
Three Forks Formation (Sandberg, 1965; Sandberg and McQueen, 1970; Sandberg et al., 
1988a). The Sappington is comprised of a basal shale, middle siltstone and sandstone unit, 
and an upper shale (Sandberg, 1965 and Gutschick and Rodriguez, 1967).  Conodont 
zonation indicates that all three intervals (Exshaw, Bakken, and Sappington) are late 
Devonian to early Mississippian in age. The three formations are time equivalent. 
Deposition of the Exshaw, Bakken, and Sappington intervals occurred from the Lower 
expansa to the Lower crenulata conodont zone (Thrasher, 1987; Holland et al., 1987, 
Sandberg et al., 1988, Johnston et al., 2010). Within the study area, the three Exshaw 
members vary in thickness. The lower shale varies from 1ft to 36 ft, the middle siltstone is 
absent to over 120 ft thick, and the upper shale is absent to approximately 16 ft thick.   
The organic-rich shales of the Exshaw are similar to the lower and upper Bakken 




Exshaw shales have total organic carbon (TOC) values between 5 wt% to 14 wt% and Tmax 
values between 430oC to  450oC. Kerogen in the Exshaw is Type I and/or Type II.  
 
Figure 1.1: The study area is located in the Antler foreland basin in northwestern Montana. 
The east flank of the basin is the Sweetgrass Arch, which is comprised of basement 
structures such as South Arch and Kevin-Sunburst Dome.  To the west, the Disturbed Belt is 
comprised of sub-belts of thrust sheets and folds (Mudge, 1982). Current petroleum 
exploration is concentrated in Glacier, Toole, Pondera, and Teton counties. Recent success 
in the Bakken petroleum system in southern Alberta and the Williston Basin has driven 
exploration into northwestern Montana. 
 
Previous studies show that the Exshaw in northwestern Montana reached thermal 




the Disturbed Belt (Dolson et al., 1993). Geochemical analyses indicate that the Exshaw 
interval has hydrocarbon potential, and the shales have sourced several different 
reservoirs (Dolson et al., 1993). Potential reservoirs for the Exshaw include the underlying 
Three Forks carbonates, the Exshaw members, and the lower Lodgepole Formation. 
 
1.1  Research Objectives 
The principle objectives of this research are to characterize Upper Devonian and 
Lower Mississippian stratigraphy in northwestern Montana, and described petroleum 
system components. In order to accomplish the stated objectives, data from several areas 
were gathered, analyzed, and interpreted. These data include: 
 Stratigraphic and facies analyses of the Three Forks, Exshaw, and lowermost 
Lodgepole formations from cores and outcrop measurements; 
 Identification of depositional environments and potential reservoirs from 
cores and outcrop analyses; 
 Utilization of thin sections to describe depositional environments and the 
porosity and permeability of potential reservoirs; 
 Regional subsurface correlation and mapping of the Three Forks, Exshaw, 
and lower Lodgepole formations using well logs for the identification of 
depositional trends and their relationship to major tectonic events; 
 Investigation of the hydrocarbon source potential of the Exshaw Formation 





1.2 Study Area and Dataset 
The study area is located in northwestern Montana in Glacier, Toole, Pondera, and 
Teton counties (Figure 1.1). Subsurface correlations and analyses were extended into 
southern Alberta. As of November, 2012, digital logs from 433 wells in Montana and 
Alberta were incorporated in the study database. A Petra database was provided by 
Newfield Exploration Company. The database was a compilation of public well data 
including: well logs, land grids, well histories, etc. Well logs from several confidential wells 
were also provided by Newfield Exploration Company, FX Energy, Inc., Primary Petroleum, 
and Rosetta Resources. 
 
Figure 1.2: Location map showing cores used in this study. All five cores include the Lower 
Lodgepole, Exshaw, and Upper Three Forks beds. Core reports, images and pyrolysis data 
were collected for each core. Newfield Exploration Company provided access to the Peace 





1.2.1 Core dataset 
Five cores of the Three Forks, Exshaw, and Lower Lodgepole were used for facies 
analysis and identification of depositional environments (Figure 1.2). Newfield Exploration 
Company provided the Old West 1-9-16H and Peace Maker 1-5H cores and FX Energy, Inc. 
allowed descriptions of the FX 14-29, FX 15-13, and MidBoe 4-3. Core reports, core photos, 
pyrolysis data, and petrographic thin sections were also provided. Thirty-nine thin sections 
from the Old West and Peace Maker cores were analyzed.  
Additionally, core plug data from six Primary Petroleum wells in Pondera and Teton 
counties were analyzed. Cores for these wells were not described. Core plug data from all 
sampled wells are present in Appendix A. Five detailed core descriptions are in Appendix B. 
 
1.2.2 Field Work 
In addition to core analysis, four sections of the Three Forks and Sappington 
intervals were measured in southwestern and central Montana. Thirty thin sections from 
four outcrop measured sections were analyzed (Figure 1.3). Two of the four measured 
sections are type sections for the Three Forks and Sappington intervals. Field work 
provided contact data between facies, vertical stacking, and lateral extent of facies. Detailed 
measured sections are in Appendix C. 
 
1.3 Previous Work 
Previous work in Upper Devonian and Lower Mississippian strata in northwestern 
Montana has been extensive. Biostratigraphic studies on the Devonian and Mississippian 




Hayes (1985), Thrasher (1987), Sandberg et al. (1988) and Johnston et al. (2010). Mapel 
and Sandberg (1967) and McQueen and Sandberg (1970) demonstrated that the Exshaw, 
 
 
Figure 1.3: Four sections of the Three Forks and Sappington intervals were measured in 
southwestern and central Montana. The Logan Gulch section (1) in Gallatin County is the 
type section of the Three Forks Formation (Sloss and Laird, 1947). The Sappington type 
section (2) is located at Milligan Canyon in Jefferson County (Berry, 1943). The Dry Hollow 
section (3) is also in Milligan Canyon and provided better exposure of the upper 
Sappington. The Diversion Lake section (4) is located in southern Teton County where the 
Logan Gulch Member of the Three Forks is exposed.  
Bakken, and Sappington intervals are age equivalent based on conodont zonation. 
These workers showed that the Exshaw, Bakken, and Sappington extend from the Lower 
expansa conodont zone during Late Devonian to the Lower crenulata conodont zone 




completed detailed conodont studies of the Bakken Formation in the Williston Basin. 
Sandberg (1988) created paleogeographic maps of the Devonian strata in the Western 
United States. He subdivided the Devonian into 17 stages based on conodont 
biostratigraphy and regional tectonic and eustatic events. Sandberg also indicated that the 
Three Forks was deposited from the Triangularis to the Lower expansa conodont zone. 
Johnston et al. (2010) completed a detailed biostratigraphic analysis of the Upper Devonian 
and Lower Mississippian strata in southern Alberta and southeastern British Columbia. 
Their analysis agreed with previous conodont work completed by Sandberg and others. 
Sandberg (1965) divided the Three Forks Formation in northern and central 
Montana into three members. The lowest member, the Logan Gulch Member, is comprised 
of brecciated carbonates and evaporitic beds that formed in a restricted basin. The Logan 
Gulch Member is equivalent to the Potlatch Anhydrite of northwestern Montana. Sandberg 
identified the shale and carbonate member of the Three Forks as the Trident Member and 
the uppermost member, the Sappington, as a sandstone facies at the top of the Three Forks. 
Although Sandberg (1965) grouped the Sappington in the Three Forks, he also recognizes 
that the Sappington is an equivalent interval to the Exshaw and Bakken. 
Structural analyses and mapping in the Disturbed Belt region were primarily the 
work of Mudge from the United States Geological Survey (1970 and 1982). Mudge (1982) 
described the structural history of the region and prominent features that shaped the 
basin. He divided the thrust belt into four main sub-belts describing structural features of 
each. Mudge (1982) also investigated the role of the Precambrian basement in the 






Figure 1.4: Conodont zonation indicates that the Sappington interval is equivalent to the 
Exshaw interval in Alberta. It should be noted that the Upper styriacus zone is now termed 
the Lower expansa (Sandberg et al., 1983). The Cottonwood Canyon Member of the 
Lodgepole in Montana is age equivalent to upper Exshaw and the Bakken shales (McQueen 
and Sandberg, 1970). Although there is a recognized erosional event or hiatus between the 
upper shale and siltstone unit, the shale is often grouped within the Bakken, Exshaw, and 
Sappington formations.  
 He also demonstrated that Precambrian basement and the Scapegoat-Bannatyne 
Trend influenced the orientation of thrust faults in portions of the Disturbed Belt. Work 
completed by Zaitlin (2011) integrated structural analyses and the interpretation of 
seismic data in southern Alberta. Zaitlin (2011) proposed a series of northwest to 
southeast trending extensional grabens that may have acted to preserve Late Devonian and 




Sequence stratigraphic studies correlating the Exshaw, Bakken, and Sappington 
intervals were completed by Smith and Bustin (2000). They provide lithological and facies 
descriptions for the Bakken and Exshaw formations along with interpretations of sequence 
boundaries. Two important sequence boundaries were described within the Bakken 
Formation. One is located at the base of the Bakken and Exshaw formations (top of the 
Three Forks Formation) and the other is located between the lower and middle Bakken 
members (between Smith and Bustin’s (2000) intervals Mb-1 and Mb-2 of the Exshaw). 
Smith and Bustin (2000) also identified three system tracts within the strata which include: 
a transgressive systems tract, a lowstand systems tract, and a second transgressive systems 
tract.  
Source rock data and hydrocarbon potential of the Exshaw and Bakken formations 
in northwestern Montana were briefly described by Dolson et al. (1993). In their paper, 
they used gas chromatograms to show that the Cut Bank Field and multiple Mississippian 
reservoirs in the Sweetgrass Arch region were sourced by the Exshaw and Bakken shale 
intervals. From their work, pyrolysis and vitrinite reflectance data show that the Exshaw 
and Bakken shales are thermally mature within or near the footwall of the thrust belt. 
 
1.4 Regional Correlation 
Conodont zonation can be an effective tool for correlating and age dating rocks. 
Conodont zonation indicates that the Exshaw Formation of the Southern Alberta Basin is 
stratigraphically equivalent to the Bakken Formation in the Williston Basin and the 




and Figure 1.6) (Mapel and Sandberg, 1967; McQueen and Sandberg, 1970; Thrasher, 1987; 
Sandberg et al., 1988; Johnston, 2010). Historically, the Sappington interval was included as 
a member of the Three Forks because it was not a mappable lithologic unit (Sandberg, 
1965). In this study, the Sappington is a separate interval that is not part of the Three Forks 
Formation. 
Deposition of the Exshaw, and equivalent strata, occurred during the Upper 
Famennian and Lower Tournaisian stages, which corresponds to the timespan from the 
Triangularis to the Lower crenulata conodont zones (Figure 1.6) (Sandberg et al., 1988). 
Furthermore, Three Forks and Exshaw members and facies in northwestern Montana can 
be partly correlated with the facies and members of the Bakken Petroleum System in the 
Williston Basin. 
Although the base of the Logan Gulch Member in western Montana is interpreted to 
be within the Triangularis zone, there is not sufficient conodont control to establish the 
exact timing of deposition. Conodont zonation shows that the end of deposition for the 
Logan Gulch Member occurred in the Upper marginifera zone and the Three Forks 
Formation in the Williston Basin ended in the Lower trachytera zone (Sandberg et al., 
1988). Therefore, the Logan Gulch Member of western Montana is partly equivalent to the 
Three Forks Formation in the Williston Basin. In addition to the conodont zonation 
correlation, the Logan Gulch Member and the Three Forks Formation are lithologically 
similar. Sediments from both formations were deposited in intertidal to sabkha 





Figure 1.5: Regional correlations of the Exshaw/Bakken and Three Forks formations show that the intervals thin over central 
Montana. Thinning of the intervals reveals that the Sweetgrass Arch and other paleo-structures were present during 
deposition in the Late Devonian and Early Mississippian. Paleohighs greatly affected facies in both formations. For example, 
the relatively shallow water depths along Sweetgrass Arch allowed for the deposition of higher energy facies within the Middle 
Exshaw in southern Alberta. Understanding the paleo-structures and how they affected the depositional environment is 






Figure 1.6: Correlation chart using conodont zonation that shows the Exshaw, Bakken, and 
Sappington intervals are equivalent. Note the three significant surfaces (red) that have 
been noted in core, outcrop, and well logs. The significant surfaces correspond to eustatic 
sea level changes and tectonic events (Compiled from Thrasher, 1987; Holland et al., 1987; 
Sandberg et al., 1988; Johnston et al., 2010). 
The Lower trachytera to Lower expansa zones confine the deposition of the Trident 
Member of the Three Forks of western Montana and the Pronghorn interval of the Williston 
Basin (Sandberg, 1988). The Trident Member and Pronghorn are characterized as open 
marine,  subtidal deposits with extensive burrowing and fossil content (Johnson, 2013). 
Transgressive deposits are locally present at the base of the Trident Member. In cores, 




to good reservoir quality and hydrocarbon saturation. The lithological similarities, coupled 
with the conodont control, indicate that the upper Trident Member and Pronghorn interval 
are probably age equivalent. 
The Exshaw Formation, Sappington Member of the Three Forks, and the Bakken 
Formation are age equivalent intervals that were deposited during the Lower expansa 
through the Lower crenulata conodont zones (Mapel and Sandberg, 1967; McQueen and 
Sandberg, 1970; Thrasher, 1987; Johnston, 2010). Each stratigraphic interval is comprised 
of a lower organic-rich shale unit, a middle dolomitic siltstone or sandstone unit, and an 
upper organic-rich shale. The lower, organic-rich shales were deposited from the Lower 
expansa to the Praesulcata conodont zones. The middle siltstone members were deposited 
from the Praesulcata through the Duplicata zones, and the upper shales span the Sandbergi 
to Lower crenulata zones (Figure 1.6) (Mapel and Sandberg, 1967; McQueen and Sandberg, 
1970; Thrasher, 1987; Johnston, 2010). 
 
1.5 Regional Geologic Setting 
The study area is located in a portion of the Antler foreland basin (Figure 1.7). 
During late Paleozoic time, the Antler foreland basin formed in response to the Antler 
Orogeny. Because of erosion, Ordovician through Middle Devonian strata are absent over 
much of western Montana. In western Montana, present day structural geology is 




1.5.1 Regional Structure 
The Alberta Shelf covered the region from the northern border of the Central 
Montana Trough into present day southern Alberta and northward into western 
Saskatchewan. The Sweetgrass Arch was a north-to-south trending paleohigh within the 
Alberta Shelf. Sediment thicknesses in northwestern Montana indicate that the Sweetgrass 
Arch was a structural high during the Late Devonian to Early Mississippian. To the south, 
the Central Montana Trough was an east-west trending structural feature that was active 
during the Precambrian and periodically active throughout geologic history. The central 
Montana uplift was prominent during the Devonian. Structural deformation likely began 
during the Cambrian (Peterson, 1981).  
The Williston Basin is an intracratonic basin that occupies eastern Montana, 
western North Dakota, and northwestern South Dakota. The basin extends northward into 
southern Saskatchewan and southwestern Manitoba. The Williston Basin was connected 
with the Antler foreland basin by the Central Montana Trough. South of the Central 
Montana Trough is the Wyoming Shelf, which makes up most of Wyoming and the 
southernmost portion of Montana. The Beartooth Shelf bordered the Central Montana 
Uplift (Peterson, 1981).  
 
1.5.2 Regional Stratigraphy 
Ordovician and Silurian rocks are missing over much of western Montana. From 
Late Silurian into Early-Middle Devonian much of the Rocky Mountain region was 




Silurian and lower Devonian rocks.  Lower Devonian Beartooth Butte rocks are sparse and 
crop out in southwestern Montana (Peterson, 1981). A more complete section of middle 
Devonian strata is preserved in the Williston Basin (Peterson, 1981). 
 
Figure 1.7: The regional paleostructures of the Rocky Mountain region during the Paleozoic 
and Mesozoic. Northern Montana is characterized by the Antler foreland basin, once 
termed the Cordilleran Miogeosyncline, and the Alberta Shelf. Isopach maps and facies 
analysis indicate that periodic uplift along Sweetgrass Arch and the Central Montana Uplift 
greatly affected sediment deposition during the Late Devonian to Early Mississippian time 
(Peterson, 1981).  
1.5.3 Upper Devonian 
As sea level rose, Upper Devonian strata were deposited over much of the Rocky 




deposits are fine- to medium-grained marine clastics of the Maywood and Souris River 
formations. Overlying these transgressive strata are porous stromatoporoid and 
fossiliferous limestone beds of the Jefferson Formation. The Jefferson also contains 
evaporitic and shaley limestone facies (Peterson, 1981).  
 
Figure 1.8: Generalized stratigraphic column of the Late Devonian and Early Mississippian 
strata of northwestern Montana. Historically, the Three Forks Formation has been defined 
by three members: Logan Gulch, Trident and Sappington. Conodont zonation indicates that 
the Sappington is time equivalent to the Bakken and Exshaw. The Bakken, Exshaw, and 
Sappington intervals contain the main source rock in the petroleum system. Interbedded 
carbonates and siliciclastics are potential reservoirs. 
In northwestern Montana, the Duperow and Nisku intervals are equivalent to the 
Jefferson and Birdbear intervals in southwestern Montana (Sandberg, 1965 and Nordquist, 
1968). The Three Forks Formation overlies the Birdbear and is comprised of evaporitic and 




by the organic-rich shale and siltstone of the Exshaw, Sappington, and Bakken intervals, 
which are Late Devonian to Early Mississippian in age (Figure 1.8) (Sandberg and 
McQueen, 1970).   
The Upper Devonian section is more than 1,000 ft thick in most of western Montana, 
but can reach more than 2,000 ft thick in the western belt region. Variations in the 
thickness are structurally and diagenetically controlled. An overall thickening of the 
Devonian section is observed over the Central Montana Trough indicating that it was 
present during deposition. Thinning of the Upper Devonian in the northwest and southeast 
areas is related to the multi-stage dissolution of evaporitic facies within the Three Forks 
and Jefferson formations (Peterson, 1981).  
 
1.5.4 Mississippian Group 
The Madison Group is subdivided into three formations. The lowest unit is the 
Lodgepole Formation, a gray argillaceous to silty limestone that is thin-bedded, crinoid-rich 
and cherty (Nordquist and Leskela, 1968). The middle unit is the massive, fossiliferous, and 
oolitic limestone of the Mission Canyon Formation. The third unit of the Madison Group is 
the Sun River Formation which is equivalent to the Charles Formation of the Williston 
Basin (Nordquist and Leskela, 1968 and Peterson, 1987). The Sun River Formation is a 
porous and permeable dolomitized unit that has been the target for hydrocarbon 
exploration (Dolson et al., 1993). In the study area, the Madison Group reaches 1,800 ft 
thick in the southeast, 1,500 ft thick in the west, and only 700 ft thick in the northeast 




1.6 Exshaw Petroleum System 
According to the United States Geological Survey (Schenk et al., 2002), the Exshaw 
Petroleum System, also termed the Alberta Bakken Petroleum System, in northwestern 
Montana has not been quantitatively established. The USGS defines a petroleum system as: 
“…the essential elements (source rock, reservoir rock, seal rock, and overburden 
rock) and processes (generation-migration-accumulation and trap formation) as 
well as all genetically related petroleum that occurs in seeps, shows, and 
accumulations, both discovered and undiscovered, whose provenance is a pod or 
closely related pods of active source rock” (Magoon and Schmoker, 2000). 
Operators in northwestern Montana and southern Alberta informally consider the 
Exshaw Petroleum System to include the Three Forks Formation (reservoir, seal), Exshaw 
Formation (source and reservoir) and the Lodgepole Formation (reservoir, source, and 
seal). Earlier studies have indicated that the Lower Cretaceous Cut Bank and the 
Mississippian Madison accumulations were primarily sourced by the Exshaw Formation 
(Dolson et al., 1993). Therefore, it may be necessary to include the appropriate Madison 
carbonate intervals and Cretaceous Cut Bank Formation as reservoirs, as well as seals, in 
the petroleum system. The scope of this study only includes the Late Devonian and Early 
Mississippian strata and does not address the upper Madison carbonates or the Cretaceous 






TYPE SECTION OF THE THREE FORKS FORMATION: LOGAN, MONTANA 
Four sections of Upper Devonian  and Lower Mississippian strata in southwestern 
and northwestern Montana were measured and described during the summer of 2012 
(Figure 2.1). The nature of formation and interval contacts within the Sappington and 
Three Forks intervals were analyzed in order to gain a better understanding of the major 
Upper Devonian and Lower Mississippian eustatic and tectonic events that affected 
deposition. One section measured, the type section of the Sappington that was originally 
described by Berry (1943), and one section measured the Three Forks type section, 
originally described by Sandberg (1962). Table 2.1 lists the measured sections and their 
coordinates. Samples of each of the lithofacies from the Sappington and Three Forks 
intervals were taken and analyzed by  petrographic microscopy. Classification schemes by 
Dunham (1962) and Folk (1962) were used to describe the lithofacies. The type section of 
the Three Forks Formation at the Logan Gulch location was the most complete outcrop of 
Upper Devonian and Lower Mississippian strata. Therefore, the following facies analysis 
and photomicrographs are from the Logan Gulch measured section. All detailed sections, 
along with outcrop photos from the Logan Gulch measured section, are in Appendix C. 
 
2.1 Logan Gulch Outcrop 
The outcrop of Upper Devonian and Lower Mississippian strata at Logan Gulch 
Montana was designated the type section of the Three Forks Formation by Sloss and Laird 




section is located in the SW ¼ SE ¼ Section 25, T. 2 N., R. 2 E. just north of the town of 
Logan, MT. The total thickness of the Logan Gulch Three Forks and Sappington outcrop is 
approximately 275 ft (Figure 2.2). Previous workers measured 222 ft and 241 ft of section 
(Haynes, 1916 and Sandberg, 1962). This is comparable to the author’s measurements. 
 
Table 2.1: The table includes the name and location of each measured section along with 
the interval that was exposed. 
Measured Section Outcrop 
Location 
(Latitude, Longitude) 
Logan Gulch Three Forks – Sapp. 45o53’28.72” N, 111o25’9.47”W 
Milligan Canyon Trident Mbr. – Sapp. 45o52’54.04”N, 111o40’16.66”W 
Dry Hollow Sappington Mbr. 45o52’6.50”N, 111o41’35.01”W 
Diversion Lake Logan Gulch Mbr. 47o37’17.56”N, 112o43’17.00”W 
 
2.1.1 Logan Gulch Member  
The Logan Gulch Member of the Three Forks Formation is approximately 110 ft 
thick, and consists for four facies: LG 1, LG 2, LG 3 and LG 4. In outcrop, the Logan Gulch 
Member forms a small hogback. Exposures are poor, and facies descriptions were confined 
to drainages and sparse outcrops. 
 
2.1.1.1 Facies LG 1 (Dolosparite) 
Facies LG 1 is located at the base of the Logan Gulch Member and is a dolosparite 
with wispy clay-rich laminations. In outcrop, facies LG 1 has a yellowish-tan color and 





Figure 2.1: Three of the four measured sections are located in southwestern Montana near 
the town of Three Forks. The Diversion Lake section is located in Teton County in 
northwestern Montana. The Sappington interval is equivalent to the Exshaw Formation in 





highly fractured and has minor intercrystalline porosity (Figure 2.3a). Facies LG 1 is thinly 
bedded to platy and is partly brecciated. The upper and lower contacts are poorly exposed. 
 
2.1.1.2 Facies LG 2 (Intraclast Dolopackstone/Grainstone) 
Facies LG 2 conformably overlies facies LG 1 and is an intraclastic dolopackstone to 
grainstone. Intraclasts are angular, chaotic, and comprised of red dolomudstone. Facies LG 
2 also forms a slope and is distinctively red. Hand samples are friable and appear 
brecciated (Figure 2.3b). The upper and lower contacts of the facies are poorly exposed. At 
the measured section, facies LG 2 resembles silty dolomitic shale. Oxidation during 
subaerial exposure produced red intraclasts. The brecciated texture is probably due to 
dissolution of evaporite deposits or carbonate dissolution from uplift and exposure. 
 
2.1.1.3 Facies LG 3 (Stromatolitic Boundstone) 
Facies LG 3 is a thinly laminated, recrystallized boundstone with common fenestral 
and vuggy porosity (Figure 2.4a). Facies LG 3 is a limestone bench that is interbedded with 
facies LG 4. In the thin section, dark patchy staining is possibly residual oil. Facies LG 3 is a 
very resistant bench-forming unit that shows thin wavy laminations that are possibly algal 
mats. Algal laminations were not observed in all limestone benches.    
 
2.1.1.4 Facies LG 4 (Laminated Silty Dolomudstone) 
The facies is brown to tan, highly fractured and brecciated in outcrop (Figure 2.5). 
Facies LG 4 is interbedded tan to brown, thinly laminated, highly fractured and brecciated 





Figure 2.2: Generalized measured section of the Three Forks type section outside Logan, 
MT. In outcrop, the lower and upper shales of the Sappington are very thin, measuring less 
than 2 feet. Three major surfaces were described: (1) Trident – Logan Gulch contact, (2) 
Trident – Sappington contact, and (3) S 3 – S 4 contact. These surfaces correspond to either 





Figure 2.3: Images of the lower facies of the Logan Gulch Member of the Three Forks Formation at the type section 
outside Logan, MT. A) LG 1- Slope forming dolosparite with wispy clay laminations B) LG 2-Slope forming intraclastic 
packstone to grainstone. Facies LG 1 at the outcrop is drab yellow, brecciated, slope forming shale at the base of the 
Logan Gulch Member. Facies LG 2 is a dull red, brecciated, slope forming shale overlying facies LG 1. Facies LG 1 and LG 2 





Figure 2.4: Facies images of the Logan Gulch Member of the Three Forks Formation at the type section outside Logan, MT. 
A) LG 3- Stromatolitic boundstone with fenestral porosity (porosity impregnated with pink fluorescent epoxy) B) LG 4- 
Laminated silty dolomudstone that is commonly brecciated. The majority of the Logan Gulch Member is comprised of 
alternating beds of facies LG 3 and LG 4. The Logan Gulch Member forms a small hogback with resistant lower Trident 




The facies has intercrystalline and microporosity (Figure 2.4d and 2.4). Thin 
laminations in this facies have erosive bases and normal grading. Facies LG 4 was deposited 
in intertidal and supratidal environments. 
 
Figure 2.5: Facies LG 4 of the Logan Gulch Member is a laminated silty dolomudstone. It is 
highly fractured and brecciated. Evaporite dissolution probably produced the brecciation. 
Deposition was in upper intertidal to supratidal environments.  
At the type section, the Logan Gulch Member was deposited in restricted upper 
intertidal and supratidal environments. Stromatolitic textures and silty laminations were 
deposited in upper intertidal and supratidal environments. Evaporite dissolution produced 




2.1.2 Trident Member 
At the type section of the Three Forks Formation, the Trident Member is 
approximately 91 ft thick. It was subdivided into five different facies: TR 1, TR 2, TR 3, TR 4 
and TR 5. The Trident Member is poorly exposed and forms a valley between hogbacks. 
 
2.1.2.1 Facies TR 1 (Peloidal Intraclast Grainstone) 
Facies TR 1 unconformably overlies the Logan Gulch Member (Figure 2.6a). This 
facies is a grainstone that is comprised of peloidal intraclasts. It is highly crystallized and 
petroliferous. Historically, facies TR 1 was placed at the top of the Logan Gulch Member as 
a “limestone cap” (Sandberg, 1965). In this evaluation, the facies is placed at the base of the 
Trident Member based on the following criteria. The sharp erosional base of the facies 
truncates facies LG 4 of the Logan Gulch Member. Furthermore, large intraclasts indicate 
moderately high depositional energy and possible reworking of substrates. At the 
measured section, facies TR 1 is a gray to dark brown micritic limestone that is thinly 
bedded, highly fractured and jointed. Small ripples and possible burrow structures are 
present on exposed surfaces. The sharp erosional base and change in depositional 
environment support inclusion of this facies at the base of the Trident Member. Fissile 
marine shales overlie facies TR 1.  
 
2.1.2.2 Facies TR 2 (Marine Shale) 
Facies TR 2 of the Trident Member is poorly exposed and comprised of thin, dark 




exposures prohibited identification. The shale was not included in past descriptions of the 
Trident. Because of the friable nature of the outcrop, hand samples were not collected.   
 
2.1.2.3 Facies TR 3 (Silty Dolomicrite) 
Facies TR 3 is mottled, very fine to fine-crystalline silty dolomicrite. Mottle texturing 
is likely associated with bioturbation and burrowing (Figure 2.6b). The facies has patchy 
microporosity and rare fractures (Figure 2.7). Facies TR 3 is about 20 ft thick, and two 
small, moderately jointed ledges are present. At the measured section, facies TR 3 is a gray 
to brown silty dolomite. The majority of the facies is covered by vegetation and colluvium.  
At the upper contact, shale caps burrow mottled dolomite. 
 
2.1.2.4  Facies TR 4 (Maine Shale) 
Facies TR 4 is friable, black to greenish-gray, brachiopod-rich marine shale (Figure 
2.9). The facies is approximately 82 ft thick forms a slope just above facies TR 3 and the 
upper Sappington interval. Fossils and lithology indicate that this facies was deposited in 
an open marine environment. The majority of the facies is covered at the measured section. 
 
2.1.2.5 Facies TR 5 (Fossiliferous Packstone) 
Facies TR 5 is a fossiliferous lime packstone that overlies facies TR 4 (Figure 2.2). 
The interval is approximately 5 ft thick, and echinoderms, brachiopods and peloids are 
common. Interparticle, moldic and intercrystalline porosity is present (Figure 2.9). The 
facies forms a moderately to poorly exposed ledge. The facies is gray with argillaceous thin 





Figure 2.6:  Poor exposures and incompetent rocks permitted petrographic analysis of only a few samples of the Trident 
Member facies. A) TR 1- Peloidal and intraclastic grainstone B) TR 3- Mottled silty dolomicrite. These, and other facies of 
the Trident Member, mark a significant change in depositional environments. Allochems and fauna indicate deposition in 
open marine environments with normal marine salinity. Photomicrograph A is at 10X and B is at 2.5X magnification. Both 













Figure 2.7: Facies TR 3 has a mottled texture and rare visible porosity. The mottling is probably related to bioturbation. 
Under epifluorescent light, the facies has patchy microporosity that may be related to burrow structures. 






Figure 2.8: Facies TR 4 is greenish gray to black fossiliferous shale. A brachiopod fragment 
is present at left center. This facies is a thick slope-forming interval that was deposited in 
open marine depositional environments.  
2.1.3 Sappington Member 
The Sappington interval is approximately 74 ft thick. It was subdivided into six 
facies: a lower shale, S 1, S 2, S 3, S 4, and an upper shale. The Sappington is age equivalent 
to the Bakken Formation of the Williston Basin and the Exshaw Formation in northwestern 
Montana. 
 
2.1.3.1 Lower Sappington Shale (Organic-rich Shale) 
The lower Sappington shale unconformably overlies facies TR 5, and is black to dark 






Figure 2.9: Facies TR 5 of the Trident Member of the Three Forks Formation at the 
measured section outside Logan, MT. Facies TR 5 is a fossiliferous packstone with common 
echinoderms and peloids. Facies TR 5 forms a moderately resistive ledge in outcrop and is 
overlain by a thin Lower Sappington Shale at the Logan Gulch measured section. Image is at 
2.5X in plane light. 
immediately above facies TR 5. No fossils were found in this shale indicating that it was 
probably deposited in anoxic marine environments. 
 
 
2.1.3.2 Facies S 1 (Fossiliferous Wackestone) 
Facies S 1 of the Sappington interval is fossiliferous wackestone with brachiopods, 
echinoderms and bryozoa (Figure 2.10a). The facies has large intraclasts that contain 




contains hematitic nodules, and forms a small ledge that is thinly bedded to massive. The 
fossil allochems indicate open marine and shallow subtidal depositional environments.   
 
2.1.3.3 Facies S 2 (Burrowed Dolomitic Peloidal Siltstone) 
Facies S 2 is highly burrowed, peloidal and dolomitic siltstone (Figure 2.10b). 
Siliciclastic grains include angular to sub-rounded quartz and feldspar. Facies S 2 forms a 
greenish-tan siltstone ledge that is heavily burrowed and bioturbated. The majority of 
sedimentary structures were destroyed by bioturbation, but sparse ripple laminations are 
present in thin beds. In outcrop, thin beds of facies S 2 alternate between resistive and non-
resistive sediment. Ripple laminations are present in the resistive beds. Intense burrowing 
and grain size indicate deposition in a shallow shelf environment. 
 
2.1.3.4 Facies S 3 (Marine Shale to Siltstone) 
Facies S 3 is composed of dolomitic siltstone and shale. It gradationally overlies 
facies S 2 and forms a slope. The top of facies S 3 is thin black to gray shale that contains a 
lag with large clasts (Figure 2.12). The interval is poorly exposed and is 5 ft to 6 ft thick.  
 
2.1.3.5 Facies S 4 (Dolomitic Siltstone to Very Fine Sandstone) 
Facies S 4 of the Sappington interval is orange to brownish orange, burrowed 
dolomitic siltstone and dolomitic very fine-grained sandstone. The facies contains sub-
angular to rounded quartz and feldspar grains, and a significant amount of hematite-






Figure 2.10: Three facies of the Sappington were gathered for petrographic analysis: facies S 1, S 2 and S 4. A) S 1- 
Fossiliferous wackestone with echinoderms and brachiopods B) S 2- Burrowed dolomitic and peloidal siltstone. The 
faunal content and detritus indicate deposition in shallow marine environments with an eastern detrital source. The 
faunal content of facies S 1 indicates near-normal marine salinity during deposition. Photomicrograph A is at 2.5X and B 





Figure 2.11: Facies S 4 (A) of the Sappington and facies LP 1 (B) of the Lodgepole Formation. A) S 4- Dolomitic siltstone to 
very fine-grained sandstone with burrowing, ripples and cross-stratification. B) LP 1- Thinly bedded dolomitic siltstone 
to sandstone. The petrology of each facies indicates that the detrital source was the craton to the east. Both 




ledge. Symmetric ripples are moderately common. The top of facies S 4 is locally 
hummocky cross-stratified (Figure 2.12). Towards the top of the facies, the sediment 
gradually grades into a fine grained sandstone. The sedimentary structures indicate that 
the S 4 facies was deposited in environments similar to lower shoreface energy and 
bathymetry with periodic influence from storm surges. 
 
2.1.3.6 Upper Sappington Shale (Organic-rich Shale) 
The upper Sappington shale is thin, black to gray, organic-rich shale that overlies 
facies S 4. The shale is very friable and has a sharp lower contact. Of the four outcrops 
measured, the upper shale was only present at the type section at Logan, MT. 
Sappington facies demonstrate multiple sea level fluctuations during Late Devonian 
and Early Mississippian time. The lower shale is organic-rich, has no fossils, and was 
deposited in an anoxic marine environment. The middle siltstone and sandstone interval 
was deposited in lower shoreface environments that persisted across a continental shelf. 
Symmetric ripples and hummocky cross-stratification show a current and storm processes 
(Figure 2.12). The upper shale is organic-rich indicating a return to anoxic marine 
conditions. 
 
2.2 Lodgepole Formation 
The Lodgepole Formation forms a cliff face and hogback at the Logan section. The 
Lodgepole is crinoid-rich and argillaceous. Chert nodules were also common. For this 
study, only the lower portion of the Lodgepole Formation was measured and described. 





Figure 2.12: At the top of the page, an overview of the Sappington interval at the Logan 
Gulch type section of the Three Forks Formation shows facies and detailed images. (1) Lag 
at the top of facies S 3, immediately below facies S 4 (2) Symmetric ripples in facies S 4 (3) 




2.2.1 Facies LP 1 (Dolomitic Siltstone to Very Fine Sandstone) 
Facies LP 1 of the Lodgepole Formation is a thinly bedded dolomitic siltstone and 
very fine-grain sandstone. The facies overlies the upper Sappington shale (Figure 2.11b). 
The facies is well-sorted and contains quartz and feldspar along with wispy traces of 
organic matter. Visible pores are rare. The Lower Lodgepole facies at the Logan section are 
similar to facies observed in northwestern Montana. Facies LP 1 was deposited during 
climatic wet seasons and/or as a result of tectonic uplift. Facies LP 1 is a dolomitic siltstone 
and sandstone that is lithologically similar to the clastic member of the Banff Formation in 
southern Alberta. 
 
2.2.2 Scallion (Crinoid-rich Wackestone to Packstone) 
The Scallion Member of the Lodgepole Formation conformably caps facies LP 1 
facies. The Scallion contains abundant crinoids, and forms resistant beds or benches in 
outcrop. It varies from fossiliferous lime wackestone to packstone. Crinoids range in size 
from 1 mm to 1 cm in diameter. The Scallion facies here and in northwestern Montana is 
very similar to the Scallion Member of the Lodgepole Formation of the Williston Basin 
(Stroud, 2010). The Scallion shows chaotic orientations of echinoderms and other 
allochems indicating that it is probably sediment gravity flow from a carbonate ramp. 
 
2.3 Discussion 
The type section of the Three Forks Formation outside Logan, MT is the most 
complete section of the Three Forks Formation. Appendix C contains detailed measured 




Thin silty laminations, stromatolitic textures and brecciation from evaporite 
dissolution indicate that the Logan Gulch Member was deposited in upper intertidal to 
supratidal environments. Diverse faunal assemblage and marine shales in the Trident 
Member indicate deposition in open marine environments. The Sappington interval was 
deposited during variations in sea level and detrital input. The lower and upper shales of 
the Sappington are organic-rich, and these shales were deposited in anoxic environments. 
High quartz and feldspar content and a low percentage of mafic minerals indicate an acidic 
cratonic terrane. 
The lower shale facies of the Sappington at the Logan Gulch section is relatively thin. 
The sections at Milligan Canyon and Dry Hollow contain a lower shale facies that is 
between 10 and 15 ft thick. Thicker lower shale at these measured sections indicates that 
during deposition the basin was probably deeper to the west. The upper shale of the 
Sappington is only present at the Logan Gulch section. Isopach maps in northwestern 
Montana show that the upper shale is the least laterally extensive Exshaw facies. Therefore, 
the upper shale may only be preserved in localized depocenters throughout western 
Montana.  
Variable paleotopography, associated with the Antler Orogeny, likely caused non-
deposition and erosion of Sappington facies across paleo-structures.  Evidence of 
paleotopography in western Montana is also evident at the Diversion Lake section where 
the Trident and Sappington intervals are absent. The Diversion Lake section is along the 
flanks of South Arch, a structural high associated with the Sweetgrass Arch. The absence of 
Upper Devonian and Lower Mississippian facies indicates that South Arch may have been a 





FACIES DESCRIPTIONS AND MAPPING 
This study incorporated five cores to define lithofacies for the Three Forks, Exshaw 
and Lower Lodgepole formations. Table 3.1 lists the cores and the respective locations. 
Detailed core descriptions and correlations of core facies with outcrop facies are in 
Appendix B. Simplified depositional block models for each interval are in Appendix D. 
Previous facies analyses and descriptions were compiled for equivalent Three Forks, 
Exshaw and Lodgepole formations in Southern Alberta (Savoy, 1992; Smith and Bustin, 
2000; Johnston et al., 2010). Previous works have documented facies for outcrops of the 
Three Forks and Sappington intervals in southwestern Montana (Sandberg, 1962, 1965; 
Sandberg et al., 1967, 1970, 1983, 1988a, b; Gutschick and Rodriguez, 1967). This study 
evaluated equivalent facies in northwestern Montana where few outcrop exists. Facies 
were categorized by lithology, sedimentary structures, grain size and texture in order to 
interpret depositional environments and basin history.  
Table 3.1: The five cores analyzed in this study including the respective location and 
operator. 
Well Name Location Operator 
Old West 1-9-16H T33N R7W Sec. 9 Newfield Production Co. 
Peace Maker 1-5H T33N R6W Sec. 5 Newfield Production Co. 
FX 15-13 T34N R2W Sec. 13 FX Energy 
FX 14-29 T35N R1W Sec. 14 FX Energy 






3.1 Three Forks Facies 
The Three Forks Formation has two members: the Logan Gulch and Trident 
members (Sandberg, 1965). The Trident Member unconformably overlies the Logan Gulch 
Member. The Logan Gulch Member is termed the Potlatch Anhydrite in northwestern 
Montana. 
 
3.1.1 Logan Gulch Member 
The Logan Gulch Member of the Three Forks Formation in northwestern Montana is 
over 450 ft thick. Three facies were identified in the Logan Gulch: TF 1, TF 2 and TF 3. The 
Logan Gulch Member is time equivalent to the Three Forks Formation in the Williston 
Basin. Although the Logan Gulch is dominantly anhydrite, interbedded dolomite is also 
present.   
 
3.1.1.1 Facies TF 1 (Massive Anhydrite with Interbedded Dolomite Laminations) 
Facies TF 1 thickens to the northwest where it is more than 450 ft thick (Figure 3.1). 
Facies TF 1 consists of massive anhydrite with nodular to chicken wire texture and 
interbedded, thin dolomite laminations (Figure 3.2a). A sharp paleokarst surface 
characterized by microfractures and a paleosol is observed at the contact with the 
overlying Trident Member indicating subaerial exposure (Figure 3.2b). Facies TF 1 is the 






3.1.1.2 Facies TF 2 (Laminated Silty Dolomudstone) 
Facies TF2 consists of an alternating brownish gray, wavy laminated to partly 
massive, silty dolomudstone with clay-rich intervals (Figure 3.3). The facies is dominantly 
dolomite (Figure 3.4). Anhydrite-occluded fenestral porosity is present in the Old West 
core below alternating laminations. Ripples are common in the silty dolomudstone 
laminations. Rare burrow structures are present in the clay-rich laminations. Darker clay-
rich intervals are thicker towards the top of the interval. This may indicate a gradual 
increase in water depth. Facies TF 2 is similar to facies LG 4 at the Logan section. 
 
3.1.1.3 Facies TF 3 (Silty Dolomudstone with Floating Clasts) 
The contact between facies TF 2 and TF 3 is sharp. Facies TF 3 consists of poorly 
sorted, bimodal, angular to sub-rounded clasts that float in silty dolomudstone matrix 
(Figure 3.5). Clast size ranges from less than 2 mm to greater than 1 cm in length. This 
facies is present in the FX 14-29 core where it is approximately 3 ft thick. The high clay 
content, poor sorting and variation in clast size of facies TF 3 suggests gravitational 
processes during deposition. Similar facies are observed in the Three Forks in the Williston 
Basin, but the origin of the facies has not yet been determined. Facies TF 2 and TF 3 are 
thin over much of the study area. Grabens, associated with flexural extension of the crust, 
allowed for expanded sections of the facies to be preserved in southern Alberta (Figure 3.6) 
(Zaitlin, 2011). Facies TF 3 is overlain by a wavy-laminated, silty dolomite that may be 





Figure 3.1: Isopach map of the Logan Gulch Member of the Three Forks Formation. The 
interval thickens to the northwest where it reaches a thickness greater than 450 ft. The 
large volume of anhydrite in the Logan Gulch Member, locally termed the Potlatch 
Anhydrite, indicates persistent evaporitic environments prone to gypsum precipitation 






Figure 3.2 a, b: Massive anhydrite with interbedded silty dolomudstone laminations (a) and 
an erosional or paleokarst surface observed at the top of facies TF 1 (b) indicate salina to 
supratidal deposition. The paleokarst surface formed during exposure related to a sea level 
fall. This surface is interpreted as a sequence boundary. Core photos are from Newfield 
Exploration cores. Image A taken from the Old West 1-9-16H core at 5,480 ft, and image B 






Figure 3.3 a, b: Thin cyclic dolomitic laminations (a) with occasional burrows in more mud-rich layers (b). Laminations 
are dolomudstone and silty dolomudstone with abundant quartz. These sedimentary structures suggest an intertidal to 
upper intertidal depositional environments. Peloids and burrows within the laminations indicate bioactivity, likely from 
a small diversity of organisms. Facies TF 2 is very similar to Three Forks facies in the Williston Basin. Core images are 





Figure 3.4: XRD of Facies TF 2 of the Three Forks shows that the interval is predominantly 
dolomite, which may indicate that the interval is brittle and prone to fracturing. Fracturing 
is essential to the production of low permeability reservoirs. Facies TF 2 tends to have good 
reservoir quality in northwestern Montana and is the main producing reservoir in 
Southern Alberta. Data was taken at a depth of 5,464.8 ft in the Newfield Old West 1-9-16H 
core.  
 
Figure 3.5: Facies TF 3 contains bimodal angular to sub-rounded clasts in silty 
dolomudstone matrix. Note the very poor sorting of the clasts and the wide range of clast 
sizes. The sedimentary features suggest gravitational or tempestite processes during 
deposition. Similar facies are observed in the upper Three Forks in the Williston Basin. 





Figure 3.6: Facies TF 2 and TF 3 are thin over much of the study area. Thicker intervals of 
facies TF 2 and TF 3 were preserved in northwest to southeast trending grabens (Zaitlin, 





Logan Gulch Member facies indicate deposition in a salina environment and 
restricted supratidal to upper intertidal environments. Abundant anhydrite in facies TF 1 
required persistent evaporitic conditions that were prone to gypsum precipitation. Thin 
interbedded dolomite beds are probably associated with periodic sea level fluctuations that 
inundated supratidal environments. Facies TF 2 and TF 3 are consistent at the top of the 
Logan Gulch across the study area. The near absence of anhydrite in these facies suggests 
less restricted and evaporitic environments. 
 
3.1.2 Trident Member 
The Trident Member of the Three Forks Formation is prominent in the southeastern 
portion of the study area where it is over 100 ft thick (Figure 3.7). The Trident was 
subdivided into two facies: TF 4 and TF 5. The Trident is partly equivalent to the Pronghorn 
Formation in the Williston Basin. 
 
3.1.2.1 Facies TF 4 (Peloidal Intraclastic Grainstone) 
Facies TF 4 consists of a grayish brown, peloidal and intraclastic lime grainstone 
that is commonly calcite and anhydrite-cemented (Figure 3.8). Normal grading and cross-
stratification are present along with persistent oil staining.  The upper and lower contacts 
of the unit are sharp. Porosity types for Facies TF 4 include intraparticle, interparticle and 
intercrystalline. Facies TF 4 is primarily limestone, which marks a significant change from 
the highly dolomitized facies of the Logan Gulch Member (Figure 3.9). 
Facies TF 4 is not laterally continuous throughout the basin and typically ranges in 




porosity ranges from 0 – 2%. Permeability from core plugs averages 0.157md. Facies TF 4 
may be equivalent to facies TR 1 observed at the Logan Gulch type section. Facies TR 1 is a 
micritized peloidal and intraclastic packstone at the base of the Trident Member.  
3.1.2.2 Facies TF 5 (Fossiliferous Lime Wackestone) 
The Trident Member is mainly concentrated in the southeastern portion of the study 
area where it reaches a thickness of approximately 100 ft (Figure 3.7). Facies TF 5 consists 
of a greenish grey fossiliferous lime wackestone with brachiopods, echinoderms, bryozoans 
and possible rare calcareous spicules in a micritic matrix (Figure 3.10). Planar bedding and 
mottled textures occur throughout the unit with planar bedding being concentrated in thin 
silty beds. Large calcite nodules, partially replaced by chert, become prominent near the 
top of the unit. The contact with the overlying Lower Exshaw Shale is sharp and contains a 
lag deposit below the Lower Exshaw silt.  
 A limestone bed is observed at the top of facies TF 5 in much of the study area. 
Where facies TF 5 is absent, such as within the Old West 1-9-16H core, a limestone bed 
overlies facies TF 2 of the Logan Gulch Member. The bed is a fossiliferous lime packstone 
with common brachiopods, echinoderms, bryozoans and peloids. This limestone bed also 
displays nodular and massive textures.  
Facies TF 5 is concentrated in the southeastern portion of the study area and 
pinches out to the north and west. At its thickest, facies TF 5 is 110 ft thick. No visible 
porosity is present in thin section, and fractures are rare. Porosity from core plugs ranges 
from 0.2% - 3.25%. Reliable wireline well log porosity is rare in the study due to persistent 
wash out of the wellbore. In parts of the study area, significant wireline wash out can be 






Figure 3.7:  Isopach of the Trident Member of the Three Forks Formation. The Trident is 
thickest in the southeastern portion of the study area. Portions of the Trident were also 
preserved in southeast to northwest trending grabens in southern Alberta (Zaitlin, 2011). 





Figure 3.8 a, b: Facies TF 4 is partly saturated with hydrocarbons in the Peace Maker core (a). Thin section analyses from 
this depth show intraparticle, interparticle and intercrystalline porosity (b). Facies TF 4 is possibly equivalent to the 
peloidal intraclastic packstone interval observed at the base of the Trident Member at the type section of the Three Forks 
Formation outside Logan, MT. Where this facies is present, it is a possible reservoir. Core image was taken from the 





Figure 3.9: Facies TF 4 is dominantly limestone (calcite) with minor amounts of dolomite 
and anhydrite. Anhydrite cement occluded some porosity. Anhydrite cementation probably 
reduced permeability and affects reservoir performance. XRD data were taken from the 
Newfield Peace Maker 1-5H core at a depth of 4,790 ft. 
averages 0.0109md. Facies TF 5 is equivalent to facies TR 4 of the Trident Member at the 
Logan Gulch outcrop. Facies TR 4 is a fossiliferous marine shale with abundant 
brachiopods. 
Trident Member facies indicate that the interval was deposited in open marine 
environments. Brachiopods, bryozoa and echinoderm fragments indicate near normal 
marine salinities. Clay content suggests a low energy environment. Facies TF 4 is 
interpreted as a transgressive deposit that was preserved in structurally controlled local 
depocenters. Facies TF 5 represents the continued transgression.  
 
3.2 Exshaw Facies 
The Exshaw Formation in northwestern Montana is more than 120 ft thick and was 





Figure 3.10 a, b: Facies TF 5 is characterized by open marine allochems with rare porosity, sparse dolomitization and 
high clay content. Fracturing is rare in facies TF 5. Facies TF 5 has low reservoir quality. To the southeast, and within the 
thickest accumulations, wireline well logs indicate that facies TF 5 has persistent wellbore washout. This rock change is 
likely the result of increased clay (shale) content. Core images were taken from the Newfield Peace Maker 1-5H core at a 





Figure 3.11: XRD shows a moderate amount of clay content in TF 5 in the Peace Maker core. 
Based upon platy textures and wellbore washout, clay content increases to the south and 
east. The high quartz percentage is detrital silt. XRD data were taken from the Newfield 
Peace Maker 1-5H core at a depth of 4,778.35 ft. 
and EX 2 of the middle siltstone, and the upper organic-rich shale. The Exshaw Formation 
is age equivalent to the Bakken Formation in the Williston Basin. 
 
3.2.1.1 Lower Silt (Calcareous Siltstone) 
The contact between the lower Exshaw silt and the underlying Trident Member is 
sharp. Locally, the contact has a lag deposit. The lower Exshaw silt consists of a brownish-
black calcareous siltstone. The siltstone tends to be fractured and finely laminated with a 
limestone cap. 
 
3.2.1.2 Organic-rich Black Siliceous Shale 
The lower black shale consists of black, organic-rich, siliceous shale that is finely 




calcite occluded fractures are locally present. Large calcite concretions are also present. 
The high silica content of the lower black shale may increase the brittleness of the facies 
(Figure 3.14). The lower Exshaw shale thins over South Arch in Pondera and Teton 
counties in northwestern Montana. 
The lower black shale of the Exshaw Formation is equivalent to the lower 
Sappington shale observed at the Logan Gulch section.  The lower Sappington shale is 
fissile, black, organic-rich shale. It is extremely thin at the Logan section and is poorly 
exposed.  
The lower black shale of the Exshaw reaches a maximum thickness of approximately 
30 ft in southern Alberta (Figure 3.12). The isopach of the lower shale displays thick 
northwest to southeast trends in southern Alberta. These trends are likely associated with 
grabens that acted as localized depocenters.  
 
3.2.2 Middle Exshaw Siltstone 
The Middle Exshaw was subdivided into two facies: EX 1 and EX 2. The Middle 
Exshaw is absent over much of the southern portion of the study area. The facies is 
dolomitic siltstone and sandstone. 
 
3.2.2.1 Facies EX 1 (Fossiliferous Burrowed Dolomitic Siltstone) 
Facies EX 1 consists of a gray, fossiliferous and burrowed dolomitic siltstone (Figure 
3.15). Brachiopods and crinoids with rare oncoids characterize are present in this facies. 
Dolomitic siltstones have a mottled texture that is likely associated with pervasive 





Figure 3.12: The lower Exshaw shale reaches a maximum thickness of 30 ft in southern 
Alberta. The lower shale thins over South Arch in Pondera and Teton counties indicating 
that the structure may have been present during deposition. Northwest to southeast trends 






Figure 3.13a, b: The Lower Black Shale of the Exshaw Formation is an organic-rich siliceous shale with sparse fractures 
and micro-faults. The high organic content makes this shale a source rock in the petroleum system. Pyrolysis data 
indicate that the Lower Black Shale is thermally mature in Glacier and eastern Toole County. Core images are from the 





Figure 3.14: XRD data of the Lower Exshaw Shale indicate high quartz content which may 
reflect potential brittleness of this shale. The lower black shale of the Exshaw Formation is 
very similar to the lower Bakken shale in the Williston Basin. The lower Exshaw shale is the 
most extensive and continuous facies of the formation extending from Alberta into 
southwestern Montana. XRD data were taken from the Newfield Old West 1-9-16H core at a 
depth of 5,443.8 ft.  
the facies in the Peace Maker 1-5H and Old West 1-9-16H cores. Partially healed horizontal 
and sub-vertical fractures are present throughout.  A higher concentration of vertical 
fractures occurs near the contact with the lower shale in the Peace Maker 1-5H and Old 
West 1-9-16H cores. 
 
3.2.2.2 Facies EX 2 (Burrowed Dolomitic Siltstone) 
Facies EX 2 consists of a gray, dolomitic and burrowed siltstone (Figure 3.16). 
Overall the facies contains fewer fossils than the underlying facies EX 1. The dominant trace 
fossil is Helminthopsis. The facies is mottled with few planar laminations throughout. 
Fractures are rare in this facies. In the FX 15-13 and FX 14-29 cores, facies EX2 contains 




core, these thin beds are separated by intensely burrowed laminations that increase in 
frequency towards the top of the Middle Exshaw.  
 Facies EX 1 and EX 2 of the middle Exshaw siltstone are very similar. The lack of 
fossils and the thin ripple laminated sandstone beds in facies EX 2 differentiate this facies 
from facies EX 1. Both facies contain less than 40% dolomite in XRD analyses (Figure 3.17). 
Core similarities are also present on wireline log responses. An increase in the gamma ray 
coupled with a slight drop in the resistivity is present at the gradational contact between 
facies EX 1 and EX 2. This log signature is correlative across the basin.  
The middle Exshaw siltstone is absent in the southern portion of the study area. It 
thickens significantly in Toole County and southern Alberta where it reaches 
approximately 120 ft (Figure 3.18). Along the flanks of Sweetgrass Arch, facies EX 1 and EX 
2 were deposited in environments with bathymetry and energy similar to lower shoreface 
deposition.  
Facies EX 1 and EX 2 have porosities that range from 1.0% - 3.97% in the Peace 
Maker and Old West cores. Calculated porosities from well logs range from 1% - 8%. Core 
permeability averages 0.05 md. Facies EX 2 in the FX 15-13 and FX 14-29 cores have 
porosities as high as 10%. Permeabilities are typically less than 0.1 md.  
Facies EX 1 and EX 2 are equivalent to facies S 1 and S 2 and S 4 of the Sappington 
interval at the Logan Gulch measured section. Facies S 1 is a fossiliferous wackestone that 
overlies the lower Sappington shale. Facies S 2 is a dolomitic siltstone that is highly 
burrowed. The lithology and fossil content of S 1 and S 2 make the facies comparable to 
facies EX 1 of the Middle Exshaw. Facies S 4 of the Sappington is dolomitic very fine-




this facies was deposited in an environment similar to lower shoreface, but at higher 
energy than facies EX 2 of the Middle Exshaw.    
 
3.2.3 Upper Exshaw Shale 
The Upper Exshaw Shale is only present in the northern portion of the study area. It 
is relatively thin compared to the lower shale. In southern Alberta and northern Montana, 
the upper shale is conformably overlain by a dolomitic siltstone and sandstone that is 
equivalent to a member of the Banff Formation in southern Alberta.  
 
3.2.3.1 Organic-rich Siliceous Black Shale 
The contact between the upper shale and the middle siltstone is sharp. The upper 
black shale consists of a black organic-rich shale that is more siliceous rich and silty than 
the lower shale in the Old West core (Figure 3.19). The shale is finely laminated, and is 
highly fractured in the Old West core. Fractures may be related to high silica content 
(Figure 3.20). Where fractures are present and open, solid hydrocarbons partially fill the 
pore space. The fractures are predominantly vertical and concentrated in lighter colored, 
siliceous laminations. The coarser-grain facies of the upper shale is equivalent to the 
siliciclastic member of the Banff Formation in southern Alberta.  
The upper shale is the least laterally extensive member of the Exshaw Formation. 
The upper shale is very thin to absent in the southern portion of the study area. The 
absence of the shale over South Arch in Pondera and Teton counties indicates that the 





Figure 3.15 a, b: Facies EX 1 is a fossiliferous dolomitic siltstone. Facies EX 1 and EX 2 are very similar lithologically. The 
contact between the facies is placed where bioclasts become less abundant. The transition is gradational. Rare oncoids 
with brachiopod nuclei in the FX 14-29 and FX 15-13 cores indicate that the shelf was partly restricted during deposition. 





Figure 3.16: Facies EX 2 in the FX 14-29 core is very fine-grained sandstone with thin beds of coarser-grained ripple 
laminated sediment (a). Thin ripple laminated beds are possibly storm deposits. Burrowing and mature to sub-mature 
petrology (b) indicate that this facies was deposited in lower shoreface environments. It is possible that middle to upper 
shoreface sands may exist northeast of the study area. Images were taken from FX 14-29 core at a depth of 2,563.5 ft, 






Figure 3.17: Facies EX 1 and EX 2 are characterized as dolomitic siltstone to very fine-
grained sandstone. The dolomite content is typically less than 40%. Facies EX 1 and EX2 
may be potential reservoirs where an increase in dolomite might enhance brittleness. XRD 
data are from the Newfield Old West 1-9-16H core at a depth of 5,431.75 ft.  
The clastic member of the Banff Formation is concentrated in a small area in 
southern Alberta just north of Glacier County (Figure 3.21). The dolomitic siltstone 
overlying the upper shale of the Exshaw is equivalent to the LP 1 facies measured at the 
Logan Gulch outcrop. Facies LP 1 is a thinly bedded, dolomitic siltstone and sandstone that 
overlies the upper shale of the Sappington interval. 
The Exshaw Formation was deposited during several transgressions and 
regressions. The lower and upper shales were deposited in restricted marine environments 
of low energy and deeper water. Sedimentary structures and sediment maturity indicate 






Figure 3.18: Isopach map of the middle Exshaw siltstone facies EX 1 and EX 2. The middle 
Exshaw is absent over the southern portion of the study area. South Arch was probably a 
paleohigh that produced non-deposition and/or erosion. Facies EX 1 and EX 2 thicken 
significantly in Toole County and southern Alberta. Cores in Toole County display lower 
shoreface facies indicating that shallow marine environments existed along Sweetgrass 





Figure 3.19a, b: The upper Exshaw shale is conformably overlain by a fine-grain sandstone facies that is equivalent to the 
lower siliciclastic member of the Banff Formation in Alberta. The Banff sandstone in the Old West core is characterized by 
large partially open vertical fractures that are lined with bitumen. In thin section (b) feldspar grains show little alteration 
suggesting sparse reworking. Core image is from the Newfield Old West 1-9-16H at a depth of 5,413 ft, photomicrograph 






Figure 3.20: XRD of the upper shale shows the high silica content and relatively low clay 
content in the Old West core. The shale is possibly clay-rich in other areas of the basin. 
Where the shale has high organic content, it may be a source rock. XRD data are from the 
Newfield Old West 1-9-16H core at a depth of 5,409.6 ft.  
 
3.3 Lower Lodgepole Facies 
The Lodgepole Formation of northwestern Montana is an argillaceous, crinoid-rich, 
cherty interval that is heavily burrowed. The lowermost portion of the Lodgepole was 
included in this study. It was separated into three facies: Scallion, False Exshaw and the 
Lower Lodgepole. 
 
3.3.1 Scallion (Crinoid Packstone to Wackestone) 
The Scallion facies consists of a gray, crinoid-rich wackestone to packstone with 
randomly oriented allochems (Figure 3.22). It is very similar lithologically to the Scallion 
interval in the Williston Basin (Stroud, 2010). The unit is dominantly limestone with a 








Figure 3.21: Isopach map of the upper Exshaw shale and clastic member of the Banff 
Formation. The upper shale of the Exshaw is the thinnest and least laterally extensive 
member of the Exshaw Formation. The clastic member of the Banff Formation is thickest in 





Fractures commonly fluoresce under UV light. Burrowing is present in micritic lime mud. 
The upper and lower contacts are sharp.  
The Scallion Member is not laterally continuous over the entire study area, and is 
typically less than 10ft thick. Core plug porosity ranges from 1.1% - 2.6% while wireline 
well logs indicate a very tight interval with essentially no porosity. Permeability ranges 
from 0.0008 – 0.0103md. The Scallion in northwestern Montana is equivalent to the 
lowermost facies of the Lodgepole at the Logan Gulch measured section.  
 
3.3.2 False Exshaw (Organic-rich Siliceous Black Shale) 
The shale overlying the Scallion Member consists of black, organic-rich shale that is 
typically thin and finely laminated (Figure 3.24a). The shale can contain a lag at the upper 
contact with the Lower Lodgepole. Equivalent facies were not observed at the Logan Gulch 
measured section. 
 
3.3.3 Lower Lodgepole 
The Lower Lodgepole consists of a grayish-black highly burrowed calcareous 
siltstone (Figure 3.24b). The unit has an abundance of horizontal burrows resembling 
Helminthopsis and nodular chert. Rare possible calcareous spicules are also present. 
Fractures tend to concentrate, sometimes in radial patterns, around chert nodules. 
The Lodgepole Formation is part of the Mississippian Madison Group. The 
Lodgepole represents an offshore deeper water facies of a carbonate ramp (Peterson, 
1987). The chaotic orientation of the echinoderm clasts in the Scallion facies may indicate 






Figure 3.22 a, b: The Scallion Member ranges from wackestone to packstone and resembles the Scallion Member of the 
Lodgepole Formation in the Williston Basin. It is characterized by very low porosity on well logs and abundant fractures 
that can fluoresce under UV light. Core images were taken from the Newfield Peace Maker 1-5H at a depth of 4,715.25 ft, 





Figure 3.23: The Scallion is dominantly calcite with a moderate amount of chert 
replacement. The high percentage of calcite and quartz make the interval brittle, which is 
evident when observing the number of fractures in core. The interval is typically a ledge-
former on the outcrop. XRD data are from the Newfield Peace Maker 1-5H core at a depth 
of 4,710.75 ft.  
3.4 Discussion 
The sedimentary structures of the facies TF 1 indicate that the lower portion of the 
Logan Gulch Member of the Three Forks Formation was deposited in a salina-type 
evaporitic basin. The thick, massive anhydrite in facies TF 1 suggests that the facies was 
deposited in shallow water. The thin dolomite beds with cyanobacterial laminations and 
nodular anhydrite indicate a supratidal environment that was proximal to the hyper-saline 
waters (Figures 3.25 and 3.26). The thick accumulation of anhydrite in the Logan Gulch 
Member indicates that the salina-type environment was recharged with seawater multiple 
times throughout the Late Devonian. 
The alternating laminations of silty dolomudstone in facies TF 2 represent the 
rhythmic tidal cycles. When combined with fenestral porosity in algal mats, it is evident 





Figure 3.24 a, b: The False Exshaw Shale can vary in thickness above the Scallion and typically has a sharp contact with 
the overlying Lower Lodgepole (a). The Lower Lodgepole is characterized by a calcareous siltstone with abundant 
burrowing and chert nodules (b). Core images are from the Newfield Peace Maker 1-5H at a depth of 4,710.5 ft (a) and 




Similar tidal flat beds were observed in the upper Three Forks Formation in the 
Williston Basin (Gantyno, 2010). The sedimentary structures in dolomites of facies TF 1 
and TF 2 are very similar. The principal difference between the facies is the sparse 
anhydrite cementation in facies TF 2. This lithological change is an indication of a less 
restricted basin. The presence of burrow structures in the Old West core confirms that the 
environment was less restricted.  
 
Figure 3.25: Legend for the simplified depositional block models of the deposition for 
Upper Devonian and Lower Mississippian strata of northwestern Montana. 
Facies TF 3 was deposited by gravitational processes that produced bimodal clasts 
that are encased in dolomudstone matrix. Similar facies are present in the middle of the 
Three Forks Formation in the Williston Basin. These types of deposits could possibly be 
tempestite or mass wasting deposits. This facies is poorly understood in both northwestern 
Montana and the Williston basin. Deposition of primary dolomite during Late Devonian 
time is probably responsible for the high dolomite content of facies TF 1, TF 2 and TF 3. 





Figure 3.26: Simplified depositional model of the Logan Gulch Member. Deposition 
occurred in salina, upper intertidal, and supratidal environments. Periodic sea level 
fluctuations flooded the restricted environment allowing, with evaporation, the large 
accumulation of gypsum (anhydrite). The interval thins over Sweetgrass Arch indicating 
that the structure was probably active during deposition. 
 
Facies TF 4 and TF 5 unconformably overlie facies TF 1, TF 2 and TF 3 of the Logan 
Gulch Member. Facies TF 4 is a transgressive deposit. This facies is discontinuous 
throughout the study area, but it is preserved in local depocenters, such as grabens, which 
were also present during the preservation of thick intervals of TF 2 in southern Alberta 
(Zaitlin, 2011).  
Facies TF 5 was deposited in a shallow open marine environment below fair 
weather wave base. The absence of cross stratification and the presence of brachiopods, 
bryozoans, crinoids and possibly rare calcareous spicules indicate relatively low energy, 




diagenetic components. Dissolution of sponge spicules could have provided silica for chert 
precipitation (Figure 3.27) (Savoy, 1992).  
 The lower black shale of the Exshaw Formation was deposited in a relatively deep 
anoxic environment where a significant amount of organic matter was preserved. The 
underlying siltstone was deposited during the initial transgression. A transgressive surface 
of erosion (TSE) below the siltstone indicates substrate reworking associated with the 
deepening. 
Middle Exshaw facies EX 1 and EX 2 were deposited in very similar shelf 
environments below the fair weather wave base. The absence of sedimentary structures 
observed in core suggests that facies EX 1 and EX 2 were deposited in low energy 
environments that were extensively bioturbated. The presence of brachiopods, other fossil 
fragments and discrete burrow structures also indicate that these facies are shallow 
marine. The presence of oncoids in the lower portion of facies EX 1 in the FX 14-29 and 15-
13 cores suggests that the shelf was intermittently restricted. In core, the Middle Exshaw 
does not have the higher energy Middle Bakken channel and shoal facies found in the 
Williston Basin.  
Core data from this study show a highly variable section of the Middle Exshaw. Low 
energy shelf environments are thin and present in the western portion of the study area. 
The Middle Exshaw thickens eastward and has higher energy facies (facies EX 2) that 
includes coarser grain size and thin ripple laminated beds (less than 3 cm thick). The rapid 
thickening of the Middle Exshaw in Toole County and southern Alberta is likely associated 






Figure 3.27: A simplified depositional model for the Trident Member of the Three Forks. 
The Trident was deposited in an open marine setting during Marginifera through Lower 
expansa conodont zones. In localized depocenters, a discontinuous, transgressive, 
grainstone lag is present at the base of the Trident. The transgressive grainstone might be 







The thin ripple laminated beds in facies EX 2 are capped by thin, extensively 
burrowed and bioturbated laminations. The ripple laminated intervals have sharp bases 
and are storm events or turbidity currents. The expanded section of the Middle Exshaw in 
the eastern part of the study area has higher average porosity in wireline well logs and 
core. This indicates a transition from lower energy to higher energy, from west to east, 
across the basin. The abundant quartz and feldspar in the Middle Exshaw indicate that the 
sediment source was from the craton to the east. The sediment was likely supplied to the 
basin by multiple fluvial systems. Based upon the sediment maturity and sedimentary 
structures, facies EX 2 was deposited in environments similar to the depositional energy 
and bathymetry of a lower shoreface environment (Figure 3.28). In southern Alberta, 
upper shoreface facies are present in the Middle Exshaw (Zaitlin, 2012, personal 
communication).   
The upper black shale of the Exshaw is a highly variable and is locally very fine-
grained sandstone, siltstone and organic-rich shale. The clastic facies of the upper Exshaw 
shale is equivalent to the siliciclastic member of the Banff Formation in southern Alberta. 
This interval marks the start of the Madison (Lodgepole) transgression. The Banff 
sandstone facies was sourced from the craton to the east. The Banff sandstone has 
abundant sub-rounded quartz and feldspar. The sub-mature nature of the sediment shows 
that the sediment underwent little reworking. Paleohighs along Sweetgrass Arch and 
climatic changes are likely responsible for supplying the siliciclastic sediment into the 






Figure 3.28: Simplified depositional model for facies EX 2 of the Middle Exshaw siltstone. 
Abundant quartz and feldspar indicates that the sediment was sourced from the craton to 
the east by fluvial systems. Storm deposits and extensive burrowing suggest a shallow 
marine environment below the fair weather wave base. Farther to the north and east, facies 






The Banff sandstone of the upper shale may be a potential reservoir. The solid 
hydrocarbons observed in the Old West core indicate sufficient storage capacity within the 
coarser sediment. Large partly open fractures are probably related to the overpressuring 
and hydrocarbon generation. 
Deposition of the Exshaw Formation was coincident with the Antler Orogeny 
(Dorobek et al., 1991). Depositional trends of the three Exshaw members suggest that 
thrusting during the orogeny affected basin morphology throughout time. The isopach 
maps of the Lower Exshaw Shale and Middle Exshaw suggest a migration of depocenters 
from west to east (Figure 3.12 and 3.18). Dorobek et al. (1991) demonstrated, through 
burial history curves, that there was uplift during the early Famennian followed by 
quiescence. Due to the large lateral extent of the Lower Exshaw Shale, the uplift probably 
occurred coincidentally with deposition. A period of quiescence followed the uplift during 
the deposition of the Middle Exshaw (Dorobek et al., 1991). Collapse of thrust sheets during 
the quiescent period may have caused inversion of the fore-deep. This event would shift 
the depocenter east creating more accommodation space during Middle Exshaw 
deposition.  
The Scallion facies in northwestern Montana displays similar facies to the 
equivalent interval of the Williston Basin. The marine sediments observed in the Scallion 
are of shallow water origin that was suitable for growth of the organisms. They were 
subsequently transported by turbidity currents down slope and deposited in a toe-of-the-
ramp setting (Grover, 1996; Stroud, 2010). The overlying False Exshaw Shale and Lower 
Lodgepole calcareous siltstone were deposited in an anaerobic to partially aerobic deep 




related to the dissolution of sponge spicules, indicates a low energy environment below the 
effect of shallow marine processes (Savoy, 1992).  
 
 
Figure 3.29: Simplified depositional model for the Banff sandstone and the upper Exshaw 
shale. Abundant quartz and feldspar in the Banff sandstone indicates that the sediment was 
sourced from the craton to the east. Sandstone grains are sub-mature and sub-rounded 
suggesting that the sediment was moderately reworked. Sediment was likely supplied to 
the basin sporadically due to uplift or climate changes. The Banff sandstone is concentrated 






KEY SEQUENCE STRATIGRAPHIC SURFACES 
Three main surfaces, or contacts, are present within the Three Forks and Exshaw 
formations in northwestern Montana. Sea-level fluctuations and/or tectonic uplift 
produced three significant contacts.  The first contact is at the top of the Logan Gulch 
Member at the end of the Marginifera conodont zone. The second is at the top of the 
Trident Member within the Lower expansa zone. The third contact lies within the Middle 
Exshaw Siltstone at the boundary between the Praesulcata and Sulcata zones (Figure 1.6). 
 
4.1 Top of the Logan Gulch Member 
The Logan Gulch Member of the Three Forks Formation was deposited in salina-
sabkha environments associated with a Late Devonian carbonate ramp that was present in 
western Canada (Halbertsma, 1994). Thick accumulations of gypsum (anhydrite) and 
interbedded laminated dolomite in facies TF 1 indicate periodic flooding of evaporitic 
environments during the Late Devonian (Figure 4.1). To the east and south, salina deposits 
merged with sabkha and intertidal environments (Sandberg et al., 1988 and Nekhorosheva, 
2011). Thinly laminated and brecciated dolomite of facies TF 2 and TF 3 characterize the 
top of the Logan Gulch Member. Facies TF 2 and TF 3 are correlative across the study area 
indicating a widespread deepening associated sea level rise (Figure 4.1). In core and 
outcrop, an unconformity with a sharp basal contact and reworked substrate (lag) marks 
the end of deposition of the Logan Gulch Member. Eustatic sea level fall created the 




Peace Maker 1-5H core, an erosional surface (paleokarst?) at the top of the Logan Gulch 
Member indicates prolonged exposure (Figure 2.2b). A significant change in lithology from 
dominantly dolomite of the Logan Gulch to dominantly limestone of the Trident Member is 
associated with the unconformity. Where the Trident Member is absent in northwestern 
Montana, the unconformity at the top of the Logan Gulch merged with the unconformity 
associated with the Antler Orogeny. Where facies TF 5 is absent, a thin limestone facies, 
typically capping the Trident Member, separates the two unconformities (Figure 4.2). 
 
Figure 4.1: Upper Devonian and Lower Mississippian sea level curve constructed from 
literature view and facies analyses (Sandberg and Johnson, 1988b; Haq and Schutter, 
2008). The time interval is characterized by several transgressions and regressions that 
resulted in numerous unconformities. Three main surfaces were identified in the Three 
Forks – Exshaw interval: 1) Top of the Logan Gulch; 2) Top of the Trident; 3) The contact 





Figure 4.2: The unconformities (red) at the top of the Logan Gulch and Trident members 
converge where the majority of the Trident Member is missing. The unconformities are 
separated by a thin limestone facies in the Old West core. Limestone caps the Trident 
Member. The Trident Member was probably eroded in the Old West core due to uplift and 
sea level rise.   
At the type section of the Three Forks Formation outside Logan, Montana, the 
contact of the Trident and Logan Gulch members was historically interpreted at the top of a 
thick peloidal and intraclastic lime packstone and wackestone capping bed (Sandberg, 
1965). The intraclastic packstone bed is highly micritized. Dead oil partly fills interparticle 
porosity (Figure 4.3). With the addition of 10% hydrochloric acid, the rock emits a 
petroliferous odor. The base of the interval is very irregular and sharp (Figure 4.4). A thin 




Therefore, the packstone bed was likely deposited during the initial transgression of the 
Trident Member as lag.  
At the Three Forks type section, the packstone bed at the top of the Logan Gulch has 
a sharp and irregular basal contact. The contact can be traced across the outcrop. Whether 
the contact between the Trident and Logan Gulch members is above or below the 
packstone bed is still debatable. More analysis and detailed mapping is required to fully 
understand the relationship of these facies. Erosion in cores, the sharp contact in outcrop, 
and previous regional mapping, indicate that the top of the Logan Gulch Member of the 
Three Forks is a regional unconformity related to sea level fall (Sandberg et al., 1988a).  
 
Figure 4.3: This thin section of the limestone interval above the Logan Gulch Member of the 
Three Forks at the type section in Logan, MT shows highly recrystallized peloidal 
intraclasts. Dead oil partly fills interparticle porosity. The sharp irregular contact below 
this interval suggests that it represents the start of Trident Member deposition. This 





Figure 4.4: Above is the contact at the base of a peloid intraclastic packstone at the top of 
the Logan Gulch Member. The sharp contact suggests that the contact between the Trident 
and Logan Gulch is at the base of the packstone and not at the top. The unconformity is 
interpreted to be the result of a sea level fall and is a sequence boundary. 
 
4.2 Top of the Trident Member 
Facies of the Trident Member indicate that the interval was deposited in open 
marine environments. The fauna content and percentage of clay indicate near-normal 
marine salinity and relatively low energy. The discontinuous grainstone, facies TF 4, 
present at the base of the Trident in northwestern Montana is comprised of intraclasts and 
peloids. The grainstone was deposited in structurally controlled depocenters during the 
initial transgression. The Trident Member is thickest in the southeastern part of the study 
area in a northeast to southwest trend. Deposition probably occurred farther to the north, 




section. Thin sections of the Big Valley interval, partly equivalent to the Trident Member, 
were preserved in grabens in southern Alberta (Zaitlin, 2011). 
The Trident Member of western Montana is bound above and below by 
unconformities. The lower contact, as described above, is associated with the sea level fall 
at the end of the Marginifera conodont zone (Figure 4.1). In the Williston Basin, the top of 
the Three Forks Formation (base of the Pronghorn where present) is probably correlative 
to the unconformity at the base of the Trident Member in western Montana.  
The top of the Trident marks transgression associated with the Lower expansa 
conodont zone. Subsidence created by the Antler Orogeny during the Lower expansa zone 
would amplify sea level rise and result in widespread deposition of the lower black shale 
facies across the western United States (Dorobek et al., 1991). Uplift and truncation may 
have locally developed, and the Trident Member may be absent in the northern portion of 
the study area due to erosion rather than non-deposition (Figure 2.7). 
The unconformity associated with the Antler Orogeny is at the base of the lower 
Exshaw silt. The unconformity is a sharp facies change that is locally associated with a lag 
deposit (Figure 4.5).  
 
4.3 Middle Exshaw Sequence Boundary 
The Exshaw Formation was deposited during fluctuations in sea level during Late 
Devonian and Early Mississippian time. As stated earlier, the contact between the Trident 
Member and the lower Exshaw shale is an unconformity associated with Antler Orogenic 
uplift and subsequent sea-level rise (Dorobek et al., 1991). The lower shale is the most 




High total organic carbon (TOC) and the absence of fauna in the lower shale are indicative 
of anoxic conditions. 
   
 
Figure 4.5: The contact at the top of the Trident Member is marked by a lag deposit. The 
lower Exshaw shale overlies the Trident Member. The Lower Exshaw Silt is not a 
continuous facies and is missing in this core. Core image is from the FX 14-29 at a depth of 
2,640.25 ft.  
The middle Exshaw siltstone conformably overlies the lower Exshaw shale in 
northwestern Montana. The lower portion of the dolomitic siltstone, facies EX 1, is 
fossiliferous and extensively burrowed. Facies EX 1 was deposited in distal lower shoreface 




the overlying facies EX 2 is gradational. Facies EX 2 is a dolomitic siltstone and very fine to 
fine-grained sandstone with sparse fossils and extensive bioturbation and burrowing. 
Facies EX 2 was deposited in bathymetries similar to lower shoreface environments. 
In the Williston Basin, Sonnenberg et al. (2011) described a sequence boundary in 
the Middle Bakken Member between laminated, silty dolomite beds and higher energy, 
cross-stratified beds. This change in depositional energy may correspond to the gradational 
contact between facies EX 1 and EX 2 of the Middle Exshaw (Figure 4.6). The Williston 
Basin sequence boundary may not have extended into the Alberta Basin or be distinct in 
northwestern Montana because deeper water would prevent the development of a 
significant erosional surface. 
Evidence of the regional sequence boundary is also found in southwestern Montana 
in the middle Sappington. At Logan Gulch, a significant lag deposit is present between the 
lower and upper middle Sappington siltstone facies (Figure 4.7). The lag deposit is located 
at the top of facies S 3 within a shale interval. The shale is approximately 5 ft thick at the 
Logan Gulch. The lag deposit separates lower energy, extensively bioturbated siltstones 
from higher energy very fine to fine-grained sandstones in the middle Sappington.  
 
4.4 Discussion 
The biostratigraphic correlation of the Upper Devonian and Lower Mississippian 
strata in the western United States is well documented. Lithologically, the Bakken and 
Three Forks formations of the Williston Basin are very similar to the Exshaw and Three 




stratigraphic surfaces in the strata are products of sea level fluctuation and tectonic uplift 
during Late Devonian and Early Mississippian time.  
 
Figure 4.6: The contact within the Middle Exshaw is gradational and characterized by a loss 
of bioclastic material and a slight increase in grain size. The contact is possibly correlative 
to a Middle Bakken surface in the Williston Basin that changes from laminated silt to cross-
stratified fine-grained sand. A more subtle change is present in the Antler foreland basin 
where deeper water depths subdued depositional energy. Core image is from the FX 14-29  
between 2,579 ft and 2,587 ft.  
 In cores, the top of the Logan Gulch Member has exposure features associated with 




contact at the base of a limestone “cap” is related exposure at the top of the Marginifera 
zone. The top of the Marginifera zone marks the end of evaporitic shelf deposition. 
 
Figure 4.7: A regional sequence boundary marked by depositional lag is present within the 
Sappington interval at Logan Gulch. Clasts as large as 5 mm in diameter indicate reworking 
and high depositional energy. Heavily burrowed silt and clay-rich laminations underlie the 
lag deposit while well sorted, very fine to fine-grained sandstone caps the lag.  
At the Logan Gulch measured section, intraclastic packstones near the top of the 
Logan Gulch Member correlate with facies TF 4 of the Trident Member. Facies TF 4 and the 
intraclastic packstone at the type section were deposited during the initial transgression of 
the Trident Member. The change in depositional environments between the Logan Gulch 
and Trident members in western Montana is similar to the change between the Three 
Forks Formation and Pronghorn member of the Bakken formation in the Williston Basin. 
The Pronghorn Formation was deposited in subtidal environments, and it contains marine 




Formation was deposited in environments similar to the Logan Gulch Member in western 
Montana.   
The top of the Trident Member is marked by the Lower expansa transgression that 
deposited the Lower Exshaw Shale. The laterally extensive nature of this lower black shale 
indicates that Antler Orogenic thrusting and crustal loading amplified subsidence and 
relative sea level. This contact is traceable from the Antler foreland basin to the Williston 
Basin. The Lower expansa contact underlies the Lower Exshaw Silt and the equivalent 
siltstone of the upper Pronghorn Member of the Bakken Formation. 
A change in Middle Exshaw siltstone facies is related to sea level fall at the end of the 
Praesulcata zone. In the Middle Bakken of the Williston Basin, sea level fall is marked by a 
high energy cross-stratified facies that unconformably overlies a laminated silty dolomite 
facies (Sonnenberg et al., 2011). In northwestern Montana, this unconformity is subdued or 
not present, and is subtly present at a gradational contact between facies EX 1 and EX 2. 
This gradational contact in Middle Exshaw is attributed to greater water depths during the 
regression.  
In northernmost Montana and southern Alberta, the Middle Exshaw siltstone was 
deposited in bathymetry similar to the lower shoreface. Higher energy depositional facies 
along Sweetgrass Arch suggest that the arch was possibly active or bathymetrically shallow 
during deposition. The seaward advancement of high energy facies supports regression 
during Middle Exshaw deposition.  
The sequence boundary in the middle Sappington in southwestern Montana is 
marked by a lag deposit. Below this lag, facies S1 and facies S 2 of the middle Sappington 




laminations, and these facies were deposited below storm wave base. Above the lag 
deposit, very fine-grain, well-sorted sandstone comprise facies S 4. The sandstones have 
symmetric ripples, rare hummocks, and pervasive burrowing. Sedimentary structures 
indicate that the interval was deposited in lower shoreface environments. The 
juxtaposition of lower energy sediments (facies S 1 and S 2) with higher energy and 
reworked sediments (facies S 4) indicates that the lag deposit at the base of facies S 4 






SOURCE ROCK AND RESERVOIRS 
The Late Devonian and Early Mississippian stratigraphy of northwestern Montana is 
similar to the Bakken and Three Forks formations of the Williston Basin. Both intervals 
have similar lithology. Due to the success of the Bakken and Three Forks formations in the 
Williston Basin, extensive exploration in northwestern Montana has concentrated on the 
age equivalent Exshaw and Three Forks formations. Core plug and pyrolysis data from the 
five cores in this study were used to analyze source rock potential and reservoir quality. 
Furthermore, core plug data from six additional wells in Pondera and Teton counties were 
also obtained. All core plug data can be found in Appendix A. Data obtained from the core 
plugs were used to calibrate subsurface reservoir calculations for the potential reservoirs 
in the Exshaw and Three Forks formations. 
 
5.1 Source Rock 
The Lower Exshaw Shale in northwestern Montana and southern Alberta is the most 
laterally continuous facies of the formation. The shale reaches a maximum thickness of 
approximately 30 ft in northwestern Montana. Core and thin section analyses indicate that 
the lower shale is organic-rich and siliceous. The thickness, lateral continuity, and organic-
richness of the Lower Exshaw make the shale a prominent source rock in northwestern 
Montana.   
The Lower Exshaw Shale is the most organic-rich shale in the Upper Devonian and 




has TOC values as high as 14 wt% (Table 5.1). In southern Alberta, the TOC values in the 
lower shale have been reported as high as 21 wt% (Caplan, 1997). The lithology and 
organic-richness of the Lower Exshaw Shale is comparable to the Lower Bakken Shale in 
the Williston Basin.  
 Pyrolysis data for the Lower Exshaw indicates that the shale contains mature Type I 
and Type II kerogen (Figure 5.1). Type I and II kerogens are oil prone, and are present in 
lacustrine and marine environments (Peters, 1986; Peter and Cassa, 1994). Type II 
kerogens also produce gas. Geochemical analyses in southern Alberta indicate that the 
Lower Exshaw contains amorphous organic matter and has Hydrogen Indices (HI) as high 
as 909 mgHC/g organic C (Savoy 1992 and Caplan 1997). The amorphous organic matter, 
high HI, and low Oxygen Index (OI) values indicate that the Lower Exshaw is oil and gas 
prone. The HI values for the Lower Exshaw Shale in northwestern Montana range from 150 
to 472 mgHC/g organic C with an average Tmax value of 438 oC. The TOC values range from 
1.3 wt% to 16.9 wt% in northwestern Montana and southern Alberta.  
Previous studies conducted on the geochemical characteristics of the Exshaw 
Formation in northwestern Montana concluded that the Exshaw shale is thermally mature 
to the west near the thrust sheets of the Disturbed Belt (Dolson et al., 1993). Dolson et al. 
(1993) used vitrinite reflectance (VRo) to analyze the thermal maturity of the Exshaw. 
Pyrolysis data gathered for this study did not include VRo data. In order to compare the two 
datasets, VRo was calculated from Tmax data using Equation 5.1 below (Jarvie et al., 2001). 
 




Table 5.1: Pyrolysis data for three wells in northwestern Montana. The lower shale of the Exshaw formation contains the 
highest TOC wt%. The upper shale and “False” Exshaw shale also contain significant TOC wt%. All of the shale intervals in the 
Upper Devonian and Lower Mississippian have potential to be a source rock. However, the thickness and lateral continuity of 










Figure 5.1: Modified van Krevelen diagram for the Lower Exshaw shale. The pyrolysis data 
shows that the lower shale is mature Type I and Type II kerogen. During the catagenesis 
stage of maturation, the decrease in HI and OI causes mature kerogen to plot lower and to 
the left on the diagram. The data points show that the Lower Exshaw has entered the 








Using the calculated VRo data, a contour map of thermal maturity was constructed 
for southern Alberta and northwestern Montana (Figure 5.2). Historically, the petroleum 
industry considered the oil generation window to start at approximately 0.6 % VRo and end 
at about 1.4 % VRo (Peters, 1986).  
As mentioned above, the facies and kerogen types of the Lower Exshaw Shale and 
Lower Bakken Shale are very similar. Therefore, it is assumed that the kinetic and 
maturation characteristics of the two shales are also similar. The stages of the oil window 
for the Bakken Shales of the Williston Basin are as follows:  
• Initial Oil Generation: 425 oC 
• Peak Oil Generation: 435 oC 
• Late Stage Oil Generation: 445 – 455 oC (Jin, 2012). 
Tmax is an effective tool to reveal thermal maturity of a Type II kerogen (Peters, 
1986). Tmax data in this study show that the shale members of the Exshaw Formation are 
within the oil window in eastern Glacier and central Toole counties at depths as shallow as 
2,500 ft (Table 5.1). If the Tmax cutoffs for the Bakken shales of the Williston Basin, stated 
above, are entered into the equation by Jarvie et al. (2011), then a new equivalent 
calculated VRo for oil generation is found. The newly calculated VRo values for oil 
generation are below: 
• Initial Oil Generation: ~ 0.5 % VRo 
• Peak Oil Generation: ~ 0.65 % VRo 
• Late Stage Oil Generation: ~ 0.85 – 1.0 % VRo 
The calculated VRo values for oil generation using Bakken Shale Tmax parameters 




initial oil generation process for the Exshaw Shale may begin at shallower depths than 
originally thought. Consequently, the exploration fairway for the Exshaw Petroleum System 
may be expanded to the east at shallow depths. The TOC map shows a strong correlation 
with the calculated VRo map. Lower TOC values likely indicate higher maturity and 
hydrocarbon expulsion. Eocene igneous intrusions were mapped near the Sweetgrass Hills 
in Liberty and Toole counties (Lopez, 2000). These intrusions likely produced higher 
thermal gradients in the surrounding areas, which may explain the anomaly in the 
calculated vitrinite reflectance around Kevin-Sunburst Dome (Figure 5.2). 
 
5.2 Potential Reservoirs 
After analyzing facies and core plug data, three facies are potential reservoirs for the 
Exshaw Petroleum System: TF 2, TF 3 and EX 2. All three facies were chosen based on their 
porosity, permeability, lateral extent and thickness. Recent production in southern Alberta 
in equivalent facies confirms the reservoir potential in northwestern Montana. 
 
5.2.1 Facies TF 2 and TF 3 
Facies TF 2 and TF 3 were deposited in restricted intertidal environments. The two 
facies commonly occur together and will be treated as one reservoir in the petroleum 
system. The facies are dominantly dolomite and exhibit relatively high porosity and 
permeability. Porosity measurements are as high as 12% with permeabilities as high as 0.2 
md (Figure 5.3). High permeabilities (as high as 0.4 md) are probably natural 
microfractures in the sample. Pore types in facies TF 2 and TF 3 include intercrystalline and 





Figure 5.2: Vitrinite reflectance and total organic carbon (TOC) map for the Lower Exshaw Shale (after Dolson et al., 1993). 
The data indicates that the lower shale is thermally mature near the western thrust sheets of the Disturbed Belt. The data also 
shows a localized “hot spot” near the Kevin-Sunburst Dome. This anomaly may be due to higher temperature gradients 
associated with this structure. Using a value of VRo= 0.6 for early oil generation, this map indicates that the lower shale is 
mature over much of the study area. The TOC map shows a strong correlation with the VRo map. Lower TOC values may 




saturations (So) as high as 70%. Facies TF 2 and TF 3 may be analogous to the Three Forks 
reservoirs in the Williston Basin.    
 
Figure 5.3: Porosity versus permeability cross-plot for facies TF 2 and TF 3 of the Upper 
Logan Gulch Member. The plot shows that the majority of pores are micropores. Larger 
micropores may be related to dissolution of the carbonate material. Data points that plot 
with high permeability and low porosity are probably natural or induced microfractures.   
5.2.2 Facies EX 2 
Facies EX 2 of the Middle Exshaw is a dolomitic siltstone and sandstone. It was 
deposited in lower shoreface environments. The facies is mainly concentrated in Toole 
County and southern Alberta. In wireline well logs, facies EX 2 is marked by an increase in 
porosity, up to 10%. Core plug data also show relatively high porosity and permeability. 
Porosity measurements are as high as 10% with permeabilities averaging about 0.013 md. 




majority of pores are micropores (Figure 5.4). The facies exhibits fluorescence under UV 
light in the FX 14-29 and 15-13 cores and has So values from core plugs as high as 50%. 
 
Figure 5.4: Porosity versus permeability cross-plot for facies EX 2 of the Middle Exshaw. 
The plot shows that the majority of pores are micropores. Porosity measurements are as 
high as about 10% with permeabilities as high as 0.06 md. No natural fractures were 
observed in facies EX 2. Upper shoreface sands to the north and east would likely have 
better reservoir quality.  
5.3 Reservoir Modeling 
Core plug data for facies TF 2, TF 3 and EX 2 were used to create subsurface 
saturation models in IHS Petra. Average density porosity (DPHI) maps were created using 
the average density of each facies from core plugs. The average density for facies TF 2 and 
TF 3 is approximately 2.83 g/cm3 and the average density for facies EX 2 is approximately 




Saturation equation (Equation 5.2) (Archie, 1942). Porosity and resistivity were cross-
plotted in a Pickett Plot in order to estimate Rw. An estimated Rw of 0.05 ohmm was used 
(Appendix A). Core analyses by Stolper Geologic, Inc. (2011) provided estimations for the 
cementation exponent (m) and the saturation exponent (n) (Table 5.2). The tortuosity 
factor (a) was assumed to be 1. Porosity data from the calculated DPHI curves was used for 
ϕ. Deep Rt data from lateral logs (LLD) and induction logs (ILD) were used. Water 
saturation measurements from core plugs were used to calibrate the calculated water 
saturation curve. 
 
Archie Water Saturation: Sw = [(a x Rw) / (Rt x ϕm)](1/n)                                                         (5.2) 
Sw= water saturation of the uninvaded zone 
Rw= resistivity of formation water at formation temperature 
Rt= true formation resistivity 
Φ= porosity 
a= tortuosity factor (assumption: a=1) 
m= cementation exponent 
n= saturation exponent  
Net reservoir maps were constructed for each of the prospective facies using the 
porosity and saturation models. Models for facies EX 2 are limited to Toole County and 
southern Alberta where this facies is present. The net reservoir cutoffs used for each facies 
are below: 
• Facies TF 2 and 3:  Sw < 0.60 and DPHI > 0.03 




Table 5.2: Modified table of estimated cementation (m) and saturation (n) exponents for 
intervals in the FX 14-29 core by Stolper Geologic, Inc. (2011). Estimations of “m” and “n” 
from this table were applied to the saturation models across the basin. Measured water 
saturation data were used to calibrate the calculated water saturation curve in the models. 
 
5.3.1 Facies TF 2 and TF 3 
Porosity and saturation maps for facies TF 2 and TF 3 of the Logan Gulch Member of 
the Three Forks Formation indicate structural control. Average porosity maps indicate that 
the facies have porosities as high as 10% on wireline well logs (Figure 5.5). The map shows 
high average porosity in southern Alberta and Teton and Pondera counties. The high 
porosity in southern Alberta, just north of Glacier County, is preserved Logan Gulch strata. 
This area has recent production from this interval (Zaitlin, 2011). High porosity readings in 
Pondera, Teton and Toole counties may be associated with fractures from basement 
structures (Figure 5.5). High gravity anomalies trending north-south in southern Alberta 
and Toole County indicate geologic variations in basement rocks (Lyatsky et al., 2005). 
These variations are likely associated with Sweetgrass Arch, and may indicate zones of 
faulting and fracturing.  
The average water saturation map for facies TF 2 and TF 3 indicates that the lowest 
water saturations are confined to the western portion of the basin (Figure 5.5). Average 




southeast trending grabens in southern Alberta have water saturation as low as 10 – 15%. 
Low water saturation values in Toole and Teton counties show a correlation with 
underlying basement structures (Figure 5.5). Fracture networks associated with the 
basement structures likely acted as conduits for hydrocarbon migration into reservoirs.   
Water saturation and porosity cutoffs, stated above, were used to create a net 
reservoir map for facies TF 2 and TF 3. The net reservoir map shows that most of the 
prospective reservoirs of the Logan Gulch Member are located in the northwest to 
southeast trending graben in southern Alberta (Figure 5.6). Net reservoir thickness in 
southern Alberta is approximately 30 ft, but can exceed 50 ft thick. Another localized 
accumulation of net reservoir is present in western Teton County where approximately 14 
ft of reservoir were calculated (Figure 5.6).  
Facies TF 2 and TF 3 of the Logan Gulch Member have relatively high porosity and 
permeability. Cross-plotting the porosity and permeability data indicates that the majority 
of the porosity originates in micropores. Porosity and saturation maps suggest that there is 
a strong structural control in the basin.  
The net reservoir map for facies TF 2 and TF 3 indicates the most prospective 
reservoir is located in southern Alberta. Zaitlin (2011) indicated that the reservoir is 
preserved Logan Gulch dolomite within northwest to southeast trending grabens.   
 
5.3.2 Facies EX 2 
Saturation and porosity maps for facies EX 2 of the Middle Exshaw are confined to 
Toole County and southern Alberta. The average porosity map for facies EX 2 shows a trend 





Figure 5.5: Average water saturation and porosity maps for facies TF 2 and TF 3. Northwest to southeast trends in 
southern Alberta are preserved strata within grabens (Zaitlin, 2011). Anomalously high porosity and water saturation 
readings in Toole, Teton and Pondera counties, as wells as southern Alberta, may be associated with basement 
structures. Large structural features likely have extensive natural fracture networks that would act as conduits for 






Figure 5.6: Net reservoir thickness map for facies TF 2 and TF 3 of the Logan Gulch 
Member. The majority of the reservoir is located in southern Alberta where the section is 
preserved in grabens (Zaitlin, 2011). A net reservoir high of about 14 ft is also present in 





the Middle Exshaw are as high as 10%. The higher porosity readings in the eastern portions 
of the map may reflect a change in depositional energy in the Middle Exshaw. The Middle 
Exshaw in Toole County was deposited in environments with similar depositional energy 
and bathymetry to lower shoreface. Therefore, upper shoreface environments with higher 
porosity and permeability are likely farther east toward the craton. High porosity values 
also coincide with the Kevin-Sunburst Dome in Toole County. This large structural feature 
likely has extensive natural fracture networks that could have aided secondary porosity 
formation. 
 The average water saturation map for facies EX 2 exhibits similar trends as the 
average porosity maps. Water saturation decreases from west to east (Figure 5.7). The 
higher water saturations in the deeper portions of the basin deep are probably related to 
the low porosity. Average water saturations are as low as of 25% to 30% in eastern Toole 
County. The saturation map has an irregular shape that may be affected by two different 
controls. First, during the deposition of the EX 2 facies, the paleo-shoreline would have an 
irregular shape and be composed of shoreface sands with higher porosity. Second, water 
saturations may also be affected by fracture networks associated with the Kevin-Sunburst 
Dome in Toole County. The enhanced permeability created by natural fractures would 
allow for more hydrocarbon charging of reservoir rocks.  
As with facies TF 2 and TF 3, water saturation and porosity cutoffs were used to 
create a net reservoir map for facies EX 2. The net reservoir map for facies EX 2 shows a 
north to south trending fairway in northern Toole County and southern Alberta (Figure 





Figure 5.7: Average water saturation and porosity maps for facies EX 2 of the Middle Exshaw. In general, both maps 
show a west to east trend of decreasing water saturation and increasing porosity. Both trends presumably reflect the 
shoreface depositional environment of facies EX 2. Higher permeability resulting from natural fractures associated with 




 approximately 70 ft. The trend in the net reservoir map closely resembles the isopach 
trend for the Middle Exshaw. 
Facies EX 2 of the Middle Exshaw is characterized by relatively high porosity and is 
confined to the northeastern portion of the study area. Cross-plots show that the majority 
of the pore types in the facies are micropores. Average porosity maps indicate a general 
trend of increasing porosity from west to east where porosity reaches a maximum 
calculated average porosity of 10%. The average water saturation maps depict a similar 
trend with decreasing water saturation (increasing oil saturation) from west to east. The 
irregular contours in the maps may reflect the paleo-shoreline where upper shoreface 
sands characterized by higher porosity and permeability exist. The saturation map may 
also be affected by extensive natural fracture networks associated with the Kevin-Sunburst 
Dome. The most prospective area for quality reservoir for facies EX 2 is in northern Toole 
County and southern Alberta. 
 
5.4 Discussion 
Pyrolysis data indicates that the Lower Exshaw Shale is the most oil prone shale in 
the Upper Devonian and Lower Mississippian stratigraphy. The shale contains Type I/II 
kerogen and is thermally mature over much of the study area. More data and analyses are 
required in order to narrow the maturity window in northwestern Montana and southern 
Alberta.  
Core plug data indicates that facies TF 2 and TF 3 of the Logan Gulch Member of the 
Three Forks Formation, along with facies EX 2 of the Middle Exshaw, have the highest 





Figure 5.8: Net reservoir thickness map for facies EX 2 of the Middle Exshaw. The map 
shows a north to south trend in northern Toole County and southern Alberta where the net 
reservoir reaches a maximum thickness of approximately 70 ft. Facies EX 2 was deposited 
in the lower shoreface environments. This map shows that upper shoreface sands with 
better reservoir quality may exist farther to the north and east in southern Alberta. The net 




Although facies TF 4, the lime grainstone at the base of the Trident Member, has 
considerable porosity and permeability, the discontinuous nature of the facies makes it a 
local reservoir. 
Facies TF 2 and TF 3 were deposited in a restricted upper intertidal environment. 
Porosity in this facies is as high as 10%. Facies TF 2 and TF 3 are stratigraphically close to 
facies TF 1, which is characterized by pervasive anhydrite. In order for facies TF 2 and TF 3 
to be a viable reservoir, a relatively thick section must be targeted to overcome the 
possibility of extensive anhydrite cementation. The net reservoir map for the upper Logan 
Gulch facies shows two areas where strata are preserved in grabens in southern Alberta 
and Teton County (Figure 5.6).  
Facies EX 2 of the Middle Exshaw has lower shoreface sands and silt. Porosity in 
facies EX 2 is as high as 10%, but permeability is extremely low. If present, upper shoreface 
sands with better permeability would be attractive reservoirs. The net reservoir map for 
facies EX 2 shows a north to south trending fairway in northern Toole County and southern 
Alberta. It is possible that upper shoreface sands exist within the same trend. 
The Lower Exshaw Shale is also a theoretical target for unconventional reservoir 
development. Pyrolysis data indicates that the shale is thermally mature and capable of 
producing hydrocarbons. The petrology of the shale shows that the facies is highly 
siliceous. The high silica content is probably associated with brittleness.  
As with any petroleum system, reservoir pressures are essential to the economic 
production of hydrocarbons. Pressure data was not available for this study. 
Communications with basin operators provided some insight into general pressure trends. 




Mississippian reservoirs are over-pressured at about 0.65 psi/ft pressure gradient near the 
thrust sheets of the Disturbed Belt in southern Alberta (Zaitlin, 2011). Exploration in 
northwestern Montana has yielded pressures gradients that are normally-pressured to 
even under-pressured (Caldes, 2012, personal communication). The absence of over-
pressuring in northwestern Montana is likely due to the complex structural history of the 
area. Extensive faulting and fracturing of the rocks probably compromised reservoir 
pressure. The absence of over-pressuring in northwestern Montana may make prospective 
reservoir facies uneconomic. This is supported by spotty exploration success in recent 
years.  
Although the pressure trends suggest that the prospective facies are only viable in 
southern Alberta, facies EX 2 may be prospective in normally pressured areas. As stated 
earlier, it is plausible that equivalent upper shoreface sands of facies EX 2 exist farther to 
the northeast. Conventional sandstone reservoirs with high permeability would not need 
over-pressuring for economic production. Future exploration in the Middle Exshaw in 
northern Toole County and southern Alberta may be more successful if upper shoreface 
sandstones are discovered.      
Trapping and sealing in the Exshaw Petroleum System are largely stratigraphic. The 
low permeability of the reservoirs, facies changes, and unconformities all contribute to the 
stratigraphic trapping within the system. Structures and faulting probably contribute to the 
traps as well. Sealing for the petroleum system is also affected by stratigraphy and 
structural history. Low reservoir permeability and the tight and thick overlying Madison 
limestone act as effective top seals. Massive anhydrite of the Logan Gulch Member is an 




a risk for migration and escape of hydrocarbons. Migration of Exshaw oil through extensive 
fracture systems has already been documented by Dolson et al. (1993). They showed that 
the Cretaceous Cut Bank and Madison limestone accumulations were largely sourced by the 
Exshaw. By the USGS definition for a petroleum system (2000), the Exshaw Petroleum 






CONCLUSIONS AND RECOMMENDATIONS 
6.1 Conclusions 
The main objective of this study was to analyze the Upper Devonian and Lower 
Mississippian stratigraphy in northwestern Montana utilizing a petroleum system 
approach. This included: 1) subsurface mapping and facies analysis of the Three Forks, 
Exshaw and lowermost Lodgepole formations, 2) analyzing reservoir quality for each facies 
using petrographic thin sections and core plug data, 3) investigating the source rock 
potential of the Exshaw Formation in northwestern Montana. 
Conclusions from this study include: 
 The Three Forks Formation of northwestern Montana is comprised of the Logan 
Gulch and Trident Members. The Logan Gulch Member was deposited in salina, upper 
intertidal, and supratidal environments. The top of the member is marked by a regional 
unconformity. The Trident Member is bound by unconformities and was deposited in open 
marine environments during a eustatic transgression. 
• The Exshaw Formation was deposited during several sea level changes. The 
Exshaw shales were deposited in anoxic conditions that allowed preservation of abundant 
organic matter. The Middle Exshaw was deposited during a sea level fall and associated 
progradation in lower shoreface environments. The sediment supply was from an eastern 
cratonic source. 
• Facies TF 2 and TF 3 of the Three Forks Formation along with facies EX 2 of the 




high as 10%. Facies TF 2 and TF 3 can exceed 50 ft of pay in southern Alberta. Facies EX 2 
has greater than 70 ft of pay in northern Toole County and southern Alberta. 
• The Lower Exshaw Shale is the most prominent source rock. It is organic-rich and 
thermally mature in the study area.  TOC values are as high as 17 wt% in southern Alberta 
and Tmax averages 438 oC in northwestern Montana. The Lower Exshaw Shale contains 
Type I/II kerogen. The lower shale also has potential for unconventional reservoir 
development. 
• The structural history of the Antler foreland basin is a significant control on 
depositional trends, reservoir preservation, reservoir pressuring and the sealing of the 
petroleum system. Prospective reservoirs in northwestern Montana are generally normally 
pressured (Caldes, 2012, personal communication). Depressurization was caused by 
tectonism. Where facies EX 2 has high permeability, it may not require over-pressuring and 
could be conventional reservoir. 
 
6.2 Recommendations 
The Three Forks and Exshaw play in northwestern Montana and southern Alberta is 
still within the exploration phase. There are many unknowns and scarce data. Therefore, 
continued work on all aspects of the petroleum system is recommended. Areas of great 
importance include: 
• As more cores become available, analyses of Three Forks and Exshaw would 
greatly improve the depositional model for each formation. Cores of the Middle Exshaw in 
northern Toole County and southern Alberta would be ideal. Detailed depositional models 




 Conodonts should be gathered and analyzed in northwestern and southwestern 
Montana in order to more accurately date the Upper Devonian and Lower Mississippian 
rocks. Detailed analyses will enhance the regional correlation of the stratigraphy.  
• Often the key to success for unconventional hydrocarbon plays is natural fractures. 
Analysis of seismic data could prove to be very valuable in understanding the extent of 
natural fracture networks. Seismic data may also provide an opportunity to find sections of 
preserved strata similar to those in southern Alberta.  
• As more data becomes available, detailed well log analysis of facies will provide 
better petrophysical models. Borehole imaging data would help to improve reservoir 
descriptions and delineation of natural fractures. Water analyses to determine real Rw data 
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 APPENDIX A 
SUPPLEMENTAL ELECTRONIC FILES 
Various data is included in the supplemental electronic files including: core plug 
data, core descriptions, measured section descriptions, and depositional block models. Core 
plug data were used to evaluate reservoir potential in the target area. Core descriptions 
and measured sections descriptions were drafted in order to characterize facies and 
stacking patterns. Depositional block models were created from facies analysis and 
mapping.  
Geological Data Files Files containing geological data for this 
study. Data includes core plug analyses, 
digitized descriptions, and geological block 
models. All files are PDF’s. Core plug data is 
in Excel 2010 format. All other files are 
images. 
CorePlugData.pdf PDF file containing all core plug data 
gathered for this study. Data were used to 
evaluate reservoir potential 
CoreDescriptions.pdf Descriptions for the five cores analyzed in 
the study. Descriptions include grainsize 
and sedimentary structures. 
OutcropDescriptions.pdf Descriptions for the outcrops analyzed in 
the study. Descriptions include grainsize 
and sedimentary structures. Photos from 
the Logan Gulch section are included. 
BlockModels.pdf File containing block models for the facies of 
the Three Forks and Exshaw formations. 
Block models are in Chapter 3. Models were 
created by interpreting facies analyses and 
mapping. 
 
